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ABSTRACT 
Phytophthora medicaginis is an important soil-borne oomycete pathogen of lucerne 
(Medicago sativa) and chickpea (Cicer arietinum) within Australia and overseas.  To 
understand the host/pathogen interaction, a pathosystem was developed using the model 
legume Medicago truncatula. Using the resources developed for genetics and molecular 
characterisation in this model plant, the aim of this research was to understand the 
interaction between M. truncatula and  P. medicaginis, with a view to improving 
resistance to this important pathogen in related legumes. 
 
To observe and characterise the interaction between M. truncatula and P. medicaginis, a 
pathosystem was developed by first screening a germplasm collection of 99 M. 
truncatula accessions.  This revealed a continuous distribution in disease phenotypes 
with variable extremes in natural resistance to P. medicaginis culture UQ5750, isolated 
originally from M. sativa.  P. medicaginis zoospore inoculation of 1-2 week-old 
seedlings in glasshouse experiments proved to be a robust and repeatable method to 
consistently confirm the responses observed for six key M. truncatula accessions; 
SA8618 and SA8623 exhibit high natural resistance to this pathogen, accession A17 is 
moderately resistant, A20 is moderately susceptible and accessions Borung and 
SA30199 are susceptible.   
 
To characterise the genetic basis of resistance to P. medicaginis, two reciprocal F2 
populations from cross pollinations between A17 and Borung and SA8618 and 
SA30199 were produced and then phenotyped for disease symptoms.  Genetic 
segregation patterns indicated the involvement of a gene with a major effect in both 
reciprocal populations.  In particular, a 3:1 segregation ratio for resistance in the F2 iii 
 
populations from cross pollinations between A17 and Borung indicated the possibility 
of a single dominant gene for moderate resistance.  Further phenotyping of F3 families 
is required to verify this.   
 
A M. truncatula linkage map was constructed using 50 F2 individuals of the A17 X 
Borung population and 49 F2 individuals from the Borung X A17 population. The map, 
covering 519.3 cM, is comprised of 84 SSR markers with an average distance between 
markers of 8.7 cM.  These are evenly spaced over 7 linkage groups, including a super 
linkage group conferred by a translocation event between LG4 and LG8 of accession 
A17.   
 
Quantitative trait locus (QTL) analysis confirmed there was a QTL with a major effect 
in the A17/Borung reciprocal populations.  A significant QTL was determined by 
quantifying two symptoms of P. medicaginis infection - proportion of dead/chlorotic 
leaves and root fresh weight. The trait loci for both symptoms were located on the same 
linkage group within the same region, supporting the putative position of the QTL and 
the authenticity of its involvement in resistance to P. medicaginis.  This QTL was 
located on LG6 and accounted for 69.5% of the observed variation in proportion of 
dead/chlorotic leaves or 38.1% of the variation in root fresh weight within the 
inoculated populations.  The effect of this QTL on resistance to P. medicaginis 
translated into 27.5% less dead/chlorotic leaves or 0.86 g more root fresh weight.  Other 
QTLs with minor effects that are potentially involved in the interaction are located 
elsewhere on LG6 and LG2. However, the marker density of the linkage map and the 
population size need to be increased to verify this.  
 iv 
 
In parallel to this, an F7 recombinant inbred line (RIL) population of chickpea (BG212 
X Jimbour), developed by breeders at the New South Wales Department of Primary 
Industries (NSW DPI), was also assessed for the genetic basis of resistance to P. 
medicaginis.  Variance component analysis of phenotype scores for this intraspecific 
RIL population indicated that 57.15% of the differences in between-family and within-
family variance could be attributed to a genetic component.  However, gene-based 
markers developed in M. truncatula and established simple sequence repeat (SSR) 
markers of chickpea were not sufficiently polymorphic in size to produce a linkage map 
for further QTL analysis.   
 
An interspecific cross between C. arietinum and C. echinospermum (Howzat X 
ILWC246) was also performed by breeders at the NSW DPI to develop RILs.  In the 
duration of this research these interspecific RILs were bred to generation F3 and 
phenotyping assessment had not been performed.  However, marker screening of the 
parents revealed 122 size polymorphic chickpea SSR markers. A sufficient linkage map 
could be produced for QTL analysis once field assessment of this population is 
performed. Initial screening of the M. truncatula gene-based markers on the parents of 
this interspecific cross also revealed that 50% show a sequence-identified base pair 
difference.  A chickpea linkage map incorporating these markers could be 
comparatively mapped with M. truncatula.  
 
Molecular investigations of the M. truncatula/P. medicaginis pathosystem were 
performed to elucidate the possible underlying defence mechanisms involved in the 
observed resistance. To determine the function of ethylene in the resistant response, the 
characterisation of defence associated mutants of M. truncatula and Agrobacterium v 
 
rhizogenes-mediated ‘hairy root’ transformations were employed.  Comparison of 
response to inoculation of an ethylene insensitive mutant of M. truncatula (sickle) with 
the moderately resistant background genotype A17 showed that sickle was 
hypersensitive to P. medicaginis.  This indicated that ethylene insensitivity was not the 
source of resistance to this pathogen and importantly that ethylene is a key defence 
signalling molecule in the moderate resistance of A17 to P. medicaginis.   
 
Agrobacterium-mediated ‘hairy root’ transformations of M. truncatula with 4GCC::Luc 
constructs, revealed that the production of ethylene and consequently ethylene response 
factors (ERFs) after inoculation by P. medicaginis was a general defence reaction by all 
accessions.  The two susceptible M. truncatula accessions exhibited a much stronger 
and earlier response to inoculation than the highly resistant and moderately resistant 
accessions.  This indicated that the resistant response may be directed by a 
transcriptional component governed by the host genotype, downstream of ethylene 
production.  The M. truncatula/P. medicaginis ‘hairy root’ transformation assay has 
scope to be a powerful functional genomics tool for this pathogen interaction.  
 
Reverse transcriptase quantitative polymerase chain reaction (RTqPCR) was employed 
to determine the general patterns of gene expression and function underlying the 
response to P. medicaginis infection.  Relative changes in gene expression of key 
enzymes in each of the salicylic acid, jasmonic acid, ethylene and isoflavonoid defence 
pathways and in genes encoding downstream target proteins revealed potential genes 
involved in the resistance to P. medicaginis.  There was a distinct molecular difference 
in the response between the high and moderately resistant M. truncatula phenotypes to 
this pathogen.  Moderate resistance to P. medicaginis in M. truncatula is possibly vi 
 
mediated by ethylene and involves the considerable induction of pathogenesis related 
protein 5 (PR5), which was not the same defence response that conferred the high 
resistance to P. medicaginis.  Early and consistent expression of genes encoding key 
enzymes of the isoflavonoid pathway by the highly resistant accession indicated that 
phytoalexin response could be associated with the high resistance. Confirmation of the 
involvement of isoflavonoid phytoalexins in the high resistance response to P. 
medicaginis merits further investigation.  vii 
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1  CHAPTER 1 – GENERAL INTRODUCTION 
1.1  Plant-pathogen interaction and resistance 
Plants are continually exposed to a plethora of potentially pathogenic organisms, yet 
most plants are resistant to most pathogens.  This non-host resistance is shown by an 
entire plant species to a particular pathogen. It depends on preformed physical barriers 
and constitutively produced active or stored precursors of secondary metabolites with 
antimicrobial properties (Mysore and Ryu 2004, Ingle et al. 2006).  Non-host defence is 
activated when microbial derived pathogen-associated molecular patterns (PAMPs) are 
recognised by the plant’s pattern recognition receptors (PRRs).  Termed PAMP-
triggered immunity (PTI), the consequent signal transduction activates a range of basal 
defence mechanisms beginning with the hypersensitive response (HR) and including the 
activation of defence signalling cascades, (Mysore and Ryu 2004, Thatcher et al. 2005, 
Ingle et al. 2006, Jones and Dangl 2006).   
 
In host or cultivar-specific resistance, when these basal defence mechanisms are 
overcome by pathogen effectors, a second system comes into play involving the specific 
recognition of pathogen effectors by plant R genes, termed cultivar-specific resistance 
(Ingle et al. 2006, Jones and Dangl 2006).  In this instance, the successful deployment 
by pathogens of effectors that overcome PTI is counteracted by cultivars of a species 
with R proteins that specifically recognise certain effectors, resulting in effector-
triggered immunity (ETI). Natural selection drives the constantly evolving 
manifestation of new effector genes by pathogens to overcome ETI and conversely, new 
cultivar specific R gene specificity (Jones and Dangl 2006).  This is the basis of the 
original gene-for-gene hypothesis proposed by Flor (1946), where for each R gene that 
confers resistance in a plant, there is a corresponding Avr gene that confers avirulence in   2
the pathogen. The lack of either an R gene or corresponding Avr gene, results in a 
compatible interaction and consequently disease.  
 
R genes encode five classes of proteins, but the largest class is the ‘nucleotide binding 
site plus leucine-rich repeat’ (NBS-LRR) class.  Variation in the number of LRRs in the 
encoded protein, contributes to pathogen recognition specificity by the plant and the 
NBS domain, critical for ATP or GTP binding in other proteins, functions in signal 
transduction (Dangl and Jones 2001, Hammond-Kosack and Parker 2003).  The 
majority of plant R genes that have been functionally defined as NBS-LRR proteins are 
further subdivided into those with toll and interleukin receptor (TIR) N-terminal 
domains or coiled coil (CC) N-terminal domains (Dangl and Jones, 2001 Dangl and 
McDowell 2006).  The sequence variability in CC or TIR-NBS-LRR domains, provide 
a genetic pool for establishing specificity for disease resistance, allowing for the 
evolutionary adaptation to ever changing pathogens (Dangl and Jones 2001, Zhu et al. 
2002, Hammond-Kosack and Parker 2003). 
 
Known R genes are typically clustered in plant genomes along with resistance gene 
analogs (RGAs) - NBS-LRR proteins that have homology to R genes but whose precise 
functions have not been established (Zhu et al. 2002, Hammond-Kosack and Parker 
2003, Salentijn 2007).  This further provides a resource of genetic variation from which 
new resistance specificity can evolve.  Two models prevail in the action of R gene 
interaction with pathogen effectors.  The receptor ligand model indicates that R proteins 
directly interact with the pathogen effectors.  Alternatively, the guard model indicates 
that an effector/target complex is detected by the R protein (Dangl and Jones 2001).  
Ultimately R gene recognition of pathogen effectors results in the rapid mobilisation of 
specific defence related pathways by the plant that result in incompatible interactions   3
and resistance to disease.  Elicitation activates a number of biological and chemical 
processes in the defence response including pH modifications, ion fluxes, protein 
phosphorylation and proteasome activation.  These plant defence processes are 
thoroughly reviewed (Thomma et al. 2001, Hammond-Kosack and Parker 2003, 
Desender et al. 2006) and lead to the activation of specific defence pathways. 
 
1.2  Plant defence pathways 
The most well known and characterised defence pathways are salicylic acid (SA), 
jasmonic acid (JA) and ethylene (ET), each of which lead to the expression of PR 
proteins and antimicrobial molecules (van Loon et al. 2006a).  The dissection of 
defence related pathways utilising characterised A. thaliana mutants has indicated the 
importance of these three regulatory networks in plant defence (Thoroughly reviewed 
by Thatcher et al. 2005, Kacharoo and Kacharoo 2007).  There is significant overlap 
and cross-talk between these pathways.  This is evidenced by cDNA microarray 
analysis in A. thaliana that reveals a significant level of coordinated defence response 
between the pathways, indicating a substantial network of regulatory interaction 
(Schenk et al. 2000).  SA and JA are generally mutually inhibitory in their expression of 
many genes; some gene expression requires both JA and ET, whereas others require 
only one of these and there is negative interaction between the two (Glazebrook 2005, 
Adie et al. 2007).  The interactions are a complex network of signalling molecules that 
have been thoroughly investigated and are extensively reviewed (Thomma et al. 2001, 
Hammond-Kosack and Parker 2003, Beckers and Spoel 2006, Adie et al. 2007), so the 
defence reactions induced by these molecules are summarised only briefly. 
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1.2.1  Salicylic acid-dependent signalling 
Consensus has indicated that SA-dependent signalling is associated with defence against 
biotrophic pathogens – those that rely on living tissue to survive and reproduce 
(McDowell and Dangl 2000, Oliver and Ipcho 2004, Glazebrook 2005).  SA is closely 
linked to the induction of a hypersensitive response (HR), to restrict the local spread of 
pathogens by producing necrotic lesions around the sight of infection.  It also induces 
systemic acquired resistance (SAR), resulting in enhanced resistance to secondary 
pathogen infection at distant parts of the plant from the initial primary infection sight 
(Crozier et al. 2000, Thatcher et al. 2005, Beckers and Spoel 2006).  Associated with 
HR and SAR is the SA-dependent induction of pathogenesis-related (PR) proteins, 
particularly the families of glucanases and chitinases (Crozier et al. 2000, van Loon et 
al. 2006a). 
 
1.2.2  Jasmonic acid-dependent signalling 
JA and its derivatives, known collectively as jasmonates, regulate responses to several 
different abiotic and biotic interactions.  They are involved in a wide range of 
developmental processes including pollen maturation, flower and fruit development, 
root growth and senescence (Beckers and Spoel 2006).  The role of jasmonates in plant 
defence against wounding by herbivores is well documented (Pozo et al. 2005, Beckers 
and Spoel 2006) and in the last decade the importance of JA in defence response to 
pathogenic microorganisms has been realised (Pozo et al. 2005).   
 
1.2.3  Ethylene-dependent signalling 
ET is a gaseous hormone also known to regulate many physiological and developmental 
processes including seedling emergence, leaf and flower senescence and particularly   5
fruit ripening (van Loon et al. 2006b).  ET is also a key signalling hormone associated 
with plant defence response to pathogen attack, as well as being an important regulator 
of plant development (Chen et al. 2005, van Loon et al. 2006b, Adie et al. 2007, Li and 
Guo 2007).  It is a stimulus to the activation of barrier proteins, antimicrobial 
phytoalexin enzymes and particularly PR proteins, which can lead to active resistance 
(Broekaert et al. 2006). Contrarily however, it may also promote disease development, 
an alternative defence reaction that results in the loss of plant parts to halt disease 
spread (van Loon et al. 2006b). 
 
1.3  Defence response according to pathogen lifestyle 
There is significant ‘cross-talk’ between the ET pathway and pathways of the two key 
signalling molecules JA and SA (Thatcher et al. 2005, Halim et al. 2006, Jalali et al. 
2006).  Suites of genes are up-regulated in response to pathogen attack, but in general, 
pathogen lifestyle dictates the defence response by plants.  JA and ET can work 
synergistically to induce defence responses, evidenced in altered susceptibility of 
mutant plants affected in their biosynthesis or signalling.  Typically JA-dependent 
defence responses, which are not associated with cell death, are important in defence 
against necrotrophic pathogens, which survive and reproduce in dead tissue.   
Alternatively, SA mediated responses are associated with resistance to biotrophic 
pathogens (McDowell and Dangl 2000, Thomma et al. 2001, Oliver and Ipcho 2004, 
Glazebrook 2005). Phytoalexins and alternative PR proteins to those induced by SA are 
induced by JA and ET (van Loon et al. 2006a, Adie et al. 2007).  Thus, pathogen 
lifestyle generally dictates the type of defence response initiated by a plant.  However, 
several exceptions to this concept notably occur among hemibiotrophs, including 
oomycete species (Thaler et al. 2004, van Loon et al. 2006a, Francia et al. 2007).  In 
these instances ET can be a positive or negative regulator of defence response, or play   6
no part at all (Roetschi et al. 2001, Thaler et al. 2004, van Loon et al. 2006b, Francia et 
al. 2007).  A number of different hemibiotrophic microbes with mixed lifestyles caused 
both enhanced susceptibility and enhanced resistance in various plants exhibiting ET 
insensitivity (van Loon et al. 2006b).  Considerable interaction between ET, JA and SA 
has been noted in responses to different oomycetes. In addition to these core defence 
response pathways the production of isoflavonoid phytoalexins, which are induced by 
the core pathways, has also been noted as an important response to various oomycete 
Phytophthora species (Cosio et al. 1996, Subramanian 2005, Graham et al. 2007).   
Interaction between all of these pathways is more likely to result in a gradation of 
reactions, illustrating the complexity of the defence signalling network to attune the best 
defences to specific threats. 
 
1.4  PR proteins and antimicrobial molecules 
The activation of defence signalling cascades results in the induction of PR proteins and 
antimicrobial molecules.  PR proteins were identified in plant species from at least 13 
different families upon infection by a multitude of microbes and insects (van Loon et al. 
2006a).  The families of PR proteins are classified into 17 different families according 
to the order in which they were discovered and the basis of common biochemical and 
biological properties (Table 1.6, van Loon et al. 2006a).  Not all families are 
represented in all plant species and different members within a family may differ in 
their properties (van Loon et al. 2006a). Those differing activities can be very broad, 
but the main activities noted for each family is listed in Table 1.1.     7
Table 1.1: Families of pathogenesis-related (PR) proteins.  Adapted from van Loon et 
al. (Annual Review of Phytopathology (2006a) 44, pg. 138). 
 
Family  Type member  Properties  Defence activity 
 
PR-1 
 
Tobacco PR-1a 
 
Unknown 
 
Marker of pathogen-induced 
SAR. 
May have activity against 
oomycetes. 
PR-2 Tobacco  PR-2  β-1,3-glucanase  Limiting pathogen activity, 
growth and spread. 
PR-3  Tobacco P, Q  Chitinase type I, II, IV, V 
VI, VII 
Limiting pathogen activity, 
growth and spread. 
PR-4  Tobacco ‘R’  Chitinase type I, II  Limiting pathogen activity, 
growth and spread. 
PR-5  Tobacco S  Thaumatin-like  Activity against oomycetes. 
PR-6  Tomato Inhibitor I  Proteinase-inhibitor  Activity against nematodes 
and herbivorous insects. 
PR-7  Tomato P69  Endoproteinase  Microbial cell wall dissolution. 
PR-8  Cucumber chitinase  Chitinase type III  Limiting pathogen activity, 
growth and spread. 
Lysozyme activity and may be 
directed against bacteria. 
PR-9 Tobacco  “lignin-forming 
peroxidase” 
Peroxidase  Cell wall lignification 
PR-10  Parsley“PR1”  Ribonuclease-like  Ribonuclease activity, possible 
defence against viruses. 
PR-11  Tobacco “class V” 
chitinase 
Chitinase, type I  Limiting pathogen activity, 
growth and spread. 
PR-12  Radish Rs-AFP3  Defensin  Broad antibacterial and 
antifungal activities 
PR-13  Arabidopsis THI2.1  Thionin  Broad antibacterial and 
antifungal activities 
PR-14  Barley LTP4  Lipid-transfer protein  Antifungal and antibacterial 
properties 
PR-15  Barley OxOa (germin)  Oxalate oxidase  Generation of hydrogen 
peroxide directly toxic to some 
pathogens or to stimulate plant 
defence responses 
PR-16 Barley  OxOLP  Oxalate-oxidase-like  Generation of hydrogen 
peroxide directly toxic to some 
pathogens or to stimulate plant 
defence responses 
PR-17 Tobacco  PRp27  Unknown  Uncharacterised 
   8
Phytoalexins are low-molecular-weight antimicrobial molecules found in plants that 
have been challenged by biotic or abiotic stresses (Hammerschmidt 1999, Osbourn 
1999).  The role of phytoalexins in disease resistance is supported by a number of 
observations, including correlation between their rapid production and incompatible 
interactions in gene-for-gene systems, the use of phytoalexin inhibitors to enhance 
susceptibility and an increase in resistance to pathogens by stimulation of phytoalexin 
production prior to inoculation (Hammerschmidt 1999). They are chemically diverse 
compounds, yet many plant families will produce phytoalexins of a particular chemical 
class and thus they have been used to examine chemotaxonomic relationships 
(Hammerschmidt 1999).   
 
1.5  Model plant species for genomic research of plant/pathogen interactions 
Arabidopsis thaliana has long been touted as the model of choice for investigating all 
aspects of plant biology (Meinke et al. 1998). Significant advances in the understanding 
of plant physiology and biochemistry have been attained by studying this small but 
significant weed of the mustard family (Thatcher et al. 2005, Tonsor et al. 2005).   
Research into physiological processes such as biotic and abiotic interactions has 
contributed to sustaining and increasing worldwide production of cereals through 
improved agricultural crops, including increased crop resistance by the identification 
and cloning of disease resistance genes (Meinke et al. 1998).  This has been achieved by 
consolidated and intensive genomic research dedicated to plant/pathogen interactions 
over the last two decades using A. thaliana as a model (Meinke et al. 1998, Oliver and 
Ipcho 2004, Thatcher et al. 2005, Ameline-Torregrosa et al. 2006, Ryan et al. 2007).   
 
However, as a model plant A. thaliana has one major drawback, its inability to form 
symbiotic relationships. This excludes this plant as a model for the family Fabaceae in   9
relation to molecular investigations of important physiological symbiotic processes. 
This includes investigations of fungal mycorrhizal associations and nitrogen fixation by 
symbiotic association with various nitrogen fixing bacteria.  In conjunction with this, A. 
thaliana is inappropriate for the study of legume-specific diseases, particularly those 
caused by necrotrophic pathogens that do not affect the Brassica species (Anderson et 
al. 2005, Ameline-Torregrosa et al. 2006).  Nitrogen fixation in particular is the most 
important process to agriculture worldwide and plant diseases are a main limiting factor 
in the global production of legumes (Frugoli and Harris et al. 2001, Graham and Vance 
2003). The lack of a suitable legume model hampered the consolidated genomic 
advances in important legume crops that were achieved for cereal production by 
utilising A. thaliana.  Thus there was a consolidated push by the international legume-
research community for another model plant.  Medicago truncatula is now one of the 
key models of legume research to advance the genomic investigation of legume-
microbe interactions, both symbiotic and pathogenic (Frugoli and Harris 2001, Young et 
al. 2003).   
 
1.6  Legumes and their importance 
Legumes encompass the greatest range of structural, ecological and genetic variation 
among all the large plant families.  Of the family Fabaceae, legumes encompass 
approximately 20,000 species and are characterized by flowers with five petals, a 
superior ovary that forms a fruit pod containing protein rich seeds and most importantly 
their ability to form symbiotic associations with Rhizobium and Bradyrhizobium  - 
nitrogen-fixing bacteria.  Their phylogenetic diversity manifests structurally, 
physiologically and biochemically, ranging from annual herbs to forest trees (Doyle and 
Luckow 2003).  
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The Papilionoideae are the largest of the three sub families in the Fabaceae (Figure 1.1). 
They are the most economically important source of cultivated grain legumes, which 
constitute 27% of worldwide primary crop production for forage and feed (Graham and 
Vance 2003). Their ability to fix atmospheric nitrogen also provides a renewable 
resource for these and subsequent crops, estimated to save billions of dollars annually in 
fertilizer costs by fixing an estimated 40-60 million tonnes of nitrogen per year 
(Udvardi  et al. 2005).  Grain legumes provide 33% of the world’s primary crop 
production of human dietary protein and 35% of processed vegetable oil (Graham and 
Vance 2003). In 2003/2004, total world production of grain legumes was 241.5 million 
tons with soybean (Glycine max), the most important legume used primarily for 
vegetable oil production and animal fodder, accounting for 185 Mt (Figure 1.2 - AEP 
Grain Legumes Portal 2007).     11
Sub family Papilionoideae 
Tribe    Genus   Species 
   Lens   L. culinaris (lentil) 
Viceae     Vicia   V. faba (faba bean) 
   Pisum   P. sativum (garden pea) 
   Melilotus  M. officianalis (sweet clover)    
Trifolieae   Trifolium  T. pratense (red clover) 
   Medicago  M. sativa (alfalfa) 
     M. truncatula (barrel medic) 
Ciceraceae   Cicer   C. arietinum (chickpea) 
Loteae     Lotus   L. japonicus 
   Phaseolus  P. vulgaris (common bean) 
   Vigna   V. radiata (mung bean) 
Phaseoleae   Glycine  G. max (soybean) 
   Cajanus  C. cajan (pigeon pea) 
 
Figure 1.1: Phylogeny of the Papilionoideae legumes. Reproduced from Zhu et al. 
(Plant Physiology (2005) 137, pg. 1190). 
Cool season  
legumes 
(Galegoid) 
Tropical season 
legumes 
(Phaseoloid)   12
 
 
Figure 1.2:A) Five year (2000-2004) average worldwide production of grain legumes 
(GL) not including soybean. B) Five year (2000-2004) average worldwide production of 
all legumes.  (Obtained from the European Association for Grain Legume Research, 
AEP Grain Legumes Portal, www.grainlegumes.com 2007). 
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The primary dietary grain legumes, known commercially as pulses, constitute common 
bean (Phaseolus vulgaris), adzuki bean (Vigna angularis), faba bean (also known as 
broad bean (Vicia faba), mungbean (Vigna radiata), soybean (Glycine max), pea (Pisum 
sativum), chickpea (Cicer arietinum), cowpea (Vigna unguiculata), pigeonpea (Cajanus 
cajan) and lentil (Lens culinaris and L. esculenta).  Grain legumes grown for fodder 
include vetch (Vicia spp.), lupin (Lupinus spp.), lucerne (also known as alfalfa – 
Medicago sativa) and clovers (Trifolium spp.). Only cereals are of higher agricultural 
importance than legumes in terms of total annual production and area harvested (Gepts 
et al. 2005).   
 
Legume seeds contain at least 20-40% protein and are high in essential minerals.  They 
complement the amino acid composition of cereals; legumes being high in lysine but 
deficient in sulfur-containing amino acids such as methionine and cysteine.  The reverse 
is true for cereals, hence their general co-domestication resulting in dietary balance 
(Popelka et al. 2004, Gepts et al. 2005).  Legumes are also important forage crops for 
meat and dairy production (Graham and Vance 2003).  Alternative to these traditional 
uses, legumes can also be used for a wide variety of industrial and medicinal purposes.  
These include biodegradable plastics and biodiesel fuels, or for isoflavones to reduce 
the risks of cancer and for lowering blood cholesterol (Graham and Vance 2003, Gepts 
et al. 2005).  
 
The 3
rd most important grain legume crop produced worldwide, after bean and pea, is 
the domesticated cultigen chickpea.  It is a staple diet of many countries in the Indian 
subcontinent, West Asia, North Africa, Southern Europe and North and Central 
America (Santra et al. 2000) and is a good source of dietary protein (25.3-28.9%) and 
carbohydrates (52.4-70.9%) (Lichtenzveig et al. 2005, Sethy et al. 2006).  Chickpea is   14
also an important rotation crop used for fixing atmospheric nitrogen into the soil and 
reducing cereal pathogen inoculum (Flandez-Galvez et al. 2003).  95% of the total 
annual production of chickpea is in developing countries, the major producers being 
India, Turkey, Pakistan, and Mexico (Croser et al. 2003, Flandez-Galvez et al. 2003).  
Australia was the largest exporter of chickpea in 2000, where it represents a viable 
income for farmers as a highly valued pulse crop, with increasing worldwide demand 
for human consumption (Croser et al. 2003, Flandez-Galvez et al. 2003).   
 
1.7  Fungal diseases in legumes 
Despite the importance of legumes, improvement in yield has stagnated in comparison 
to cereals.  This is due in part to abiotic limitations such as drought, soil salinity, acidity 
and nutrient deficiency, but of greater significance are the impact of fungal diseases, 
particularly necrotrophic fungi (Graham and Vance 2003, Popelka et al. 2004, Dita et 
al. 2006, Tivoli et al. 2006b).  Some of the major fungal diseases common globally in 
legumes are listed in Table 1.2. Many of these pathogens are broad ranging and 
common to all legume crops, but their importance varies according to the crop, 
environmental conditions in specific regions and management practices (Dita et al. 
2006).   
 
Because many of these diseases are agronomically and economically important in 
particular crops, specific interactions with hosts have been intensively studied and 
resulted in successful efforts to identify and deploy resistant or tolerant cultivars.   
However, the deployment of tolerant germplasm against major diseases has allowed the 
emergence of regionally important and minor diseases to come to the fore as potentially 
devastating threats (Millan et al. 2006). 
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Table 1.2: Major diseases of legumes 
Diseases Causal  Pathogens  Crops  affected 
 
Ascochyta blight 
 
Ascochyta spp. 
 
Chickpea 
Faba bean 
Lentil  
Pea 
    
Anthracnose and Crown rot  Colletotrichum spp.  Common bean  
Lentil  
Lucerne 
Lupin  
    
Black stem and leaf spot  Phoma medicaginis  Annual medics 
    
Botrytis grey mould  
and Chocolate spot 
Botrytis spp.  Chickpea 
Faba bean 
Lentil 
    
Brown spot  Pleiochaeta spp.  Lupin 
    
Root rot and Wilt  
 
Aphanomyces spp. 
Fusarium spp.  
Phytophthora spp. 
Pythium spp. 
Rhizoctonia spp. 
Sclerotinia spp.  
Most grain and pasture legumes
    
Stem and pod blight 
 
Phomopsis spp.  Lupin 
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 In chickpea, the widespread use of Ascochyta tolerant lines has allowed the emergence 
of Phytophthora as a major soil pathogen in some regions, limiting chickpea production 
(Kraft et al. 2000).  In Australia, Phytophthora medicaginis root rot is a major disease in 
northern New South Wales (NSW) and Queensland.  In favourable conditions, 
devastating production losses and control measures cost NSW chickpea farmers up to 
$3.5 million in a single growing season in 2001 (Murray 2001).  The current drought 
(2004 – 2007) has kept the disease at bay since the worst effects, but there is a potential 
this devastation could be repeated without intervention.   
 
Knowledge of the molecular interaction of pathogens and plants, such as P. medicaginis 
with chickpea, is important for determining the best strategies to combat disease.  Yet 
characterisation of pathogen/host interaction in every important legume species is 
improbable given their large number. Moreover, many crop legumes have large and 
complex genomes, limiting their ability to be utilised as experimental systems (Harrison 
2000, Choi et al. 2004b).  To counteract this and avoid multiple resource allocation for 
one disease in multiple hosts, or rather, lack of resource allocation to minor diseases 
with potentially devastating regional impacts, the underlying genetic and molecular 
interactions determined in one species, need to be transferable between related legume 
species.  Medicago truncatula is a model legume that offers this ability. 
 
1.8  Medicago truncatula 
Originating in the Mediterranean basin, Medicago truncatula or barrel medic has 
emerged as a model species for the dissection of plant microbe interactions applicable to 
legumes.  It has a small (~450 Mbp) diploid genome (2n = 16) and is self-fertile with a 
rapid generation time promoting high homozygosity (Cook 1999). These characteristics 
were recognized as being key attributes for examining important symbiotic interactions   17
unique to legumes.  Genetic and genomic tools for examining molecular interactions are 
well established in M. truncatula (Table 1.3), allowing it to be exploited for dissecting 
other important interactions, both biotic and abiotic. 
 
In Australia, M. truncatula is widely used as a break crop for fodder in rotation with 
cereals.  As a result the first collections of Medicago spp. began in the 1960’s and now 
The South Australian Research and Development Institute (SARDI) is the curator of the 
largest collection of M. truncatula accessions from around the world (Ellwood et al. 
2006).  This represents an advantageous source of genetic variability that can be 
exploited for understanding plant pathogenic interactions (Tivoli et al. 2006a). 
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Table 1.3: Genetic and genomic tools developed for dissecting biotic and abiotic 
interactions with Medicago truncatula. 
 
Genetic or 
genomic tool  Strategy Reference 
 
Sequenced and 
annotated 
genome 
 
BAC by BAC sequencing strategy 
Automated annotation with limited manual 
scrutiny (completion scheduled to end 2008) 
 
 
Young et al. (2005) 
Town (2006) 
Composite dense 
genetic map 
Marker types: 
AFLP, CAPS, RAPD, SSR 
 
EST, BAC-end sequence tags 
 
Thoquet et al. (2002) 
Mun et al. (2006) 
Choi et al. (2004) 
Gutierrez et al. (2005) 
 
Public EST 
databases 
 
Over 25,000 ESTs available at: 
TIGR MtGI  
(http://www.tigr.org/tdb/e2k1/mta1/) 
MtDB 
(http://www.medicago.org:8180/MtDB3) 
 
 
Quackenbush et al. (2001) 
 
Lamblin et al. (2003) 
Physical map  Fluorescent In-situ Hybridisation (FISH)  
 
Schnabel et al. (2003) 
Reverse genetic 
resources 
EMS  
Tnt1 transposons  
TILLING 
Fast neutron and gamma ray mutagenesis 
RNA-induced gene silencing 
 
Penmetsa and Cook (2000) 
d’Erfurth et al. (2003) 
Tadege et al. (2005) 
 
Limpens et al. (2004) 
Transformation 
protocols 
 
Agrobacterium mediated transformation of 
shoots (A. tumefaciens) and roots (A. 
rhizogenes) 
 
Trieu et al. (2000) 
Chabaud et al. (2003) 
Limpens et al. (2004) 
 
DNA arrays 
 
Various micro- and macro-arrays 
 
Fedorova et al. (2002) 
Frenzel et al. (2005) 
Hohnjec et al. (2005) 
Lohar et al. (2006) 
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1.9  Medicago truncatula and synteny 
Synteny in a genomic context is where gene sequence and gene order are conserved 
between two different but closely related species, enabling comparative mapping of 
important functional genes. Various levels of macro-synteny, which refers to conserved 
gene order on homologous chromosomes and micro-synteny, gene by gene sequence 
colinearity, have been demonstrated for M. truncatula with other plant species (Table 
1.4).  By mapping orthologous markers Choi et al. (2004a, 2004b) aligned the genomes 
of important legume species, with M. truncatula as the central comparison.  This is 
illustrated in a simplified consensus map by Zhu et al. (2005) (Figure 1.3).   
Characterisation of pathogenic interactions with M. truncatula offers the opportunity to 
reduce pathogen impact in other important legume species by way of syntenic 
comparison (Tivoli et al. 2006a).  Using M. truncatula as the central species for 
comparative mapping, Choi et al. (2004a) showed that macro-syntenic gene order of 
many chromosomal regions was highly conserved between related legumes.  This 
conserved genome structure allowed the map-based cloning of genes important for 
nodulation by crop legumes.  Map-based cloning of DMI2 in M. truncatula allowed a 
transfer of the generated knowledge and subsequent cloning of orthologous genes in 
alfalfa (NORK) and pea (SYM19) (Zhu et al. 2005).   
 
Synteny greatly facilitated the discovery of these important nodulation genes in related 
species and has the potential to do the same for pathogen resistance genes.  Zhu et al. 
(2002) revealed that R genes and RGAs are clustered in M. truncatula and noted that 
combined with synteny and close phylogenetic relatedness between legumes two 
important opportunities could be suggested; first that it should be possible to clone R 
genes in M. truncatula that are active against common legume pathogens and secondly 
that it should be possible to transfer these R genes transgenically across species. With   20
this in mind, the drive to understand plant pathogenic interactions with legumes could 
lead to the reduction in pathogen impact either by marker-assisted resistance breeding 
programs, targeted chemical intervention or genetic modification.   
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Table 1.4: Species for which macro- or micro-synteny have been established with 
Medicago truncatula. 
 
Species References 
 
Arabidopsis thaliana 
 
Zhu et al. 2003 
Yan et al. 2004 
Kevei et al. 2005 
 
Cucumis melo 
(melon) 
 
Deleu et al. 2007 
Glycine max 
(soybean) 
Zhu et al. 2002 
Choi et al. 2004b 
Yan et al. 2004 
 
Lotus japonicus  Choi et al. 2004b 
Cannon et al. 2006 
 
Lens culinaris 
(lentil) 
 
Phan et al. 2007a 
Lupinus albus 
(white lupin) 
 
Phan et al. 2007b 
Lupinus angustifolius 
(narrow-leafed lupin) 
 
Nelson et al. 2006 
Medicago sativa 
(lucerne or alfalfa) 
Thoquet et al. 2002 
Choi et al. 2004a 
Musial et al. 2007 
 
Pisum sativum 
(pea) 
Gualtieri et al. 2002 
Zhu et al. 2002 
Choi et al. 2004b 
Aubert et al. 2006 
 
Trifolium repens 
(white clover) 
 
Febrer et al. 2007 
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Figure 1.3: Simplified consensus map of syntenic regions among eight legume species.  
Obtained from Zhu et al. (Plant Physiology (2005) 137, pg. 1191). Gm – Glycine max 
(soybean), Pv – Phaseolus vulgaris (common bean), Vr – Vigna radiata (mungbean), 
Ca – Cicer arietinum (chickpea), Ps – Pisum sativum (pea), Ms – Medicago sativa 
(lucerne or alfalfa), Mt – Medicago truncatula, Lj – Lotus japonicus. S – Short arm, L – 
long arm. 
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1.10   Phytophthora 
Oomycete plant pathogens of the genus Phytophthora cause some of the most 
destructive diseases of dicotyledonous plants worldwide.  Extensive dieback of native 
plant communities in Australia and sudden oak death in North America are examples of 
the severity of disease that just two species of this genus (P. cinnamomi and P. 
ramorum) can have in natural forest ecosystems (Hardham 2005).  However most 
notably,  Phytophthora spp. have a devastating economic impact on important 
agricultural crops.  P. infestans is the causal agent of late blight of potato which resulted 
in the Great Irish Potato Famine of the mid-nineteenth century and still today causes 
billion dollar losses to potato and tomato production around the world (Kamoun 2003).  
 
Phytophthora spp. are characterised by thick walled, sexual oospores that are able to 
persist in diseased tissue and soil, providing a continual inoculum source to exploit 
favourable warm and wet conditions.  Also characteristic are the production of asexual 
sporangia that exude motile zoospores, capable of long distance dissemination in free 
water.  Their hyphae are coencytic with cell walls made of cellulose. Hence, they are 
closer phylogenetically to protists of the Stramenopile group and not fungi, which have 
septate hyphae made of chitin.  Furthermore, they are diploid throughout most of their 
life cycle and also exhibit a variety of other biochemical differences to distinguish them 
from fungi.  This means that oomycetes are not typically inhibited by many chemicals 
used to control fungi.  
 
Hardham (2006) thoroughly reviewed the biological interaction of oomycete pathogens 
with their hosts, drawing on much of the established research on Phytophthora 
interactions.  Phytophthora pathogens are typically hemibiotrophs that penetrate the 
plant cell walls through an appressorium-like swelling of the hyphae.  A range of   24
degradative enzymes are secreted to invade the plant, where it then spreads throughout 
the tissues either inter or intra-cellularly with minimal initial disruption to the host while 
it is in a biotrophic phase (Hardham 2006).  Once established, Phytophthora switches to 
a necrotrophic phase, acquiring nutrients from dead and dying cells to proliferate and 
reproduce.   
 
At the molecular level much has been determined by characterising the P. 
sojae/soybean and P. infestans/potato and tomato pathosystems. Thoroughly reviewed 
by Kamoun (2003, 2006) and Tyler (2002, 2007), these interactions have elucidated a 
complex set of Phytophthora effectors, which all contain a conserved RXLR motif.  
This functions as a signal to mediate trafficking into the plant cells and aid in bypassing 
the host’s defences for effective delivery of the effectors.  Both these Phytophthora 
species have narrow host ranges and P. infestans is a foliar pathogen, whereas the 
majority of this genus are soil-borne root pathogens that attack a broad host range.  P. 
parasitica which infects both herbaceous and woody hosts of 60 different plant families 
has been characterised on tobacco as more representative of this genus (Attard et al. 
2007).  The P. parasitica derived cell wall-associated glycoprotein CBEL (cellulose-
binding, elicitor and lectin activity) present in many other Phytophthora species 
activates an array of plant defence responses leading to a hypersensitive response and 
systemic acquired resistance (Gaulin et al. 2006, Attard et al. 2007).  There are only two 
cloned matching R and Avr genes that have been characterised for Phytophthora 
resistance.  RPS1b from soybean recognises Avr1b proteins in P. sojae and R3a from 
potato recognises Avr3a proteins in P. infestans; R genes effective against P. parasitica 
are yet to be cloned (Attard et al. 2007).  
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1.11  Phytophthora and legumes 
Many economically important legume crops are affected by root rot and seedling 
damping off diseases caused by Phytophthora. All of the legume-affecting 
Phytophthora species are soil-borne pathogens.  Minor disease in crops such as cowpea 
and adzuki bean is caused by the host specific P. vignae, whereas legumes like lupin 
and subterranean clover (Trifolium subterraneum) are affected by broader host species 
such as P. cinnamomi,  P. cryptogea,  P. drechsleri and P. clandestina (Erwin and 
Ribiero 1996).  However, the major legume-affecting species of this genus are P. sojae 
and P. medicaginis (formerly P. megasperma f. sp. medicaginis).   
 
P. sojae causes root and stem rot of soybean resulting in complete stand failure.   
Intensively studied, this host-specific pathosystem is a gene-for-gene relationship with 
14 dominant resistance genes (Rps  genes) at seven different soybean loci and 12 
characterised avirulence genes in P. sojae (Tyler 2007). Although the well characterised 
P. sojae/soybean pathosystem has elucidated much knowledge about this specific 
interaction, soybean is not amenable to molecular investigations due to its large genome 
size and lack of tools such as efficient genetic transformation protocols (Roetschi et al. 
2001). A model pathosystem was established between A. thaliana and P. porri (now 
known as P. brassicae) to provide a more amenable system (Roetschi et al. 2001).  P. 
brassicae infects the shoots of susceptible plants in the Brassicaceae family, unlike root-
infecting  Phytophthora  of legumes. Thus, this pathosystem is limited in its 
transferability of knowledge both because of the differences in primary infection sites, 
with the associated differences in plant response and the broad evolutionary divergence 
between the brassicas and legumes. 
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Despite soybeans large genome size, it is an important economic crop and considerable 
resources have been directed into this legume to develop a better range of genomic 
resources.  As such, the P. sojae/soybean pathosystem represents an important source of 
knowledge.  However, soybean is a warm-season legume of the phaseoloid clade, which 
is relatively broad in taxonomic distance from the cool-season legume clade of 
galegoids (See Figure 1.1); although there is a high genomic similarity within these 
clades it is limited between them (Choi et al. 2004b, Gepts et al. 2005).  The molecular 
knowledge of the pathogenic interaction that Phytophthora has with other cool-season 
legumes is narrow and the resources required to examine the individual interactions are 
limited.  Yet a molecular perspective is required to determine effective strategies for 
resistance.   
 
P. medicaginis has a narrow host range, causing root and stem rot and seedling 
damping-off of lucerne and chickpea, which is the more susceptible host (Irwin et al. 
1995, de Haan et al. 1996).  Phytophthora root rot of lucerne is significant in North 
America and Australia.  Extensive breeding has identified simply inherited, dominant 
sources of resistant germplasm leading to substantial yield increases (Irwin et al. 2001, 
Vandemark and Barker 2003).  The cultivated chickpea industry in Australia has been 
devastated by P.  medicaginis, which has counteracted the benefit of deploying 
Ascochyta tolerant germplasm.  Early breeding achievements by pulse breeders at the 
NSW Department of Primary Industries (NSW-DPI) have developed chickpea cultivars 
with only moderate resistance to P. medicaginis, however similar levels of resistance to 
both Phytophthora and Ascochyta do not occur in a single variety (Table 1.5), thus 
cultural practices to reduce disease severity are relied upon (Cumming et al. 2007).   
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Table 1.5: Provisional Pulse Breeding Australia national chickpea variety ratings for 
Ascochyta blight and Phytophthora root rot under average disease pressure and 
conditions. (Modified from Cumming et al. (2007) – Pulse Australia) 
 
Description  Ascochyta blight Phytophthora root rot 
 
Resistant 
 
Genesis 508 
Genesis 509 
Genesis 090 
 
    
Moderately resistant  Flipper  Yorker 
    
Intermediate Almaz 
Nafice 
Yorker 
Flipper 
Jimbour 
Kyabra 
    
Moderately susceptible Howzat  Howzat 
Amethyst 
Nafice 
Almaz 
Gully 
    
Susceptible Jimbour   
Kaniva 
Amethyst 
Genesis 508 
Genesis 509  
Genesis 090 
    
Highly susceptible  Bumper  
Garnet  
Gully 
Kyabra 
Macarena 
Moti 
 
Bumper 
Garnet 
Kaniva 
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  The establishment of lines with greater resistance to both diseases, as well as 
maintaining market qualities, is of upmost importance to exploit the possible land area 
where chickpeas can be grown.  This will also minimise crop losses in northern regions 
of eastern Australia where chickpea is the only rotational legume crop.  However, little 
is known about the molecular interaction of P. medicaginis with chickpea. The 
knowledge of genetic inheritance of resistance to P. medicaginis in lucerne does not aid 
knowledge in chickpea and resource allocation for determining resistant germplasm in 
chickpea will not be transferable to other cool-season legumes affected by 
Phytophthora.  29
  
1.12  Plant defence pathways associated with defence against Phytophthora.  
Contradictory evidence is apparent for the involvement of the different plant defence 
pathways with different Phytophthora interactions.  Molecular studies have shown a 
connection with all three defence pathways against Phytophthora  and with none of 
them.  Khatib et al. (2004) suggested differential involvement of all three signalling 
pathways for the induction of necrosis and defence against the P. parasitica derived 
glycoprotein CBEL in A. thaliana; CBEL failed to induce necrosis in A. thaliana 
mutants affected in the perception of JA (coi1) and ET (ein2) and the expression of 
defence genes known to be regulated by SA was affected in SA deficient transgenic 
plants (nahG).  Conversely resistance to avirulent isolates of P. porri (now known as P. 
brassicae) was independent of all three signalling pathways; A. thaliana mutants 
insensitive to JA (jar1) and ET (ein2) were resistant to P. porri and SA signalling 
interference in nahG transgenic plants or sid2 and npr1 mutants had only a minor effect 
on resistance (Roetschi et al. 2001). 
 
There is also evidence for a range of responses in between.  A correlation between SA 
and the degree of resistance to P. infestans was based on enhanced levels of SA in 
young leaves of potato that were less susceptible to this pathogen (Halim et al. 2004).  
The development of HR-like cell death in these young leaves in response to infiltration 
of the Phytophthora-derived elicitor Pep-13 was SA dependent but the activation of a 
subset of defence genes was not (Halim et al. 2004).  Utilising never-ripe mutant tomato 
plants impaired in ET reception showed that ET was positively involved in resistance to 
P. capsici (Francia et al. 2007).  Both ET defence and the induction of SA-dependent 
PR1 are triggered in A. thaliana by the necrosis-inducing Phytophthora protein elicitor 
(NPP1) identified from Phytophthora parasitica (Fellbrich et al. 2002).  However,   30
Graham et al. (2003) showed that JA and the ET precursor ACC (1-amino-cyclopropane 
carboxylic acid) but not SA, were effective at inducing resistance to P. sojae in soybean 
upon subsequent infection. ET and JA were also implicated in the protection of pepper 
plants against P. capsici where mRNA of a chitin-binding protein (CACBP1) that 
contributes to protection against P. capsici was strongly induced upon treatment with 
the ET-releasing chemical ethephon and by low levels of methyl-jasmonate (Lee et al 
2001).  Conversely Ueeda et al (2006) surmise that although JA plays a crucial role in 
the defence response to P. capsici by pepper, SA also has a separate role in a HR-
mediated cell death defence response that occurs after the initial JA response. 
 
1.13  PR proteins and antimicrobial molecules associated with defence against 
Phytophthora. 
In response to Phytophthora attack, plants will typically respond by the formation of 
wall appositions and reorganisation of the cytoskeleton around invading hyphae and 
produce reactive oxygen species to initiate hypersensitive cell death, as well as the 
production of pathogenesis-related (PR) proteins and phytoalexins to combat the ingress 
of the pathogen (Hardham 2006).  PR proteins associated with resistance to 
Phytophthora include a number of PR families.  Potato PR-1b accumulates in leaves 
colonised with P. infestans (van Loon et al. 2006a) and PR-1a is highly expressed in 
soybean when exposed to a cell wall glucan elicitor from P. sojae (Graham et al. 2003).  
Also, over-expression of a pepper PR1 gene in both tobacco and tomato enhances 
resistance to P. parasitica f.sp. nicotianae and P. capsici respectively (Sarowar et al. 
2005, 2006). β-1,3-glucanases of the PR2 family have been shown to enhance 
protection of alfalfa from P. megasperma f.sp. medicaginis and soybean from P. 
infestans (van Loon et al. 2006a) and a PR2 gene in pepper co-localised with a 
quantitative trait locus (QTL) associated with resistance to P. capsici (Pflieger et al.   31
2001).  PR5 homologs in tobacco, tomato and potato show in-vitro anti-oomycete 
activity against P. infestans (van Loon et al. 2006a) and a tomato PR5 successfully 
protected transgenic orange plants from P. citrophthora (Fagoaga et al. 2001). A class–
III chitinase gene of the PR8 family co-localised with a QTL having a major effect in 
resistance to P. capsici in pepper (Pflieger et al. 2001). 
 
Isoflavonoids are phytoalexins particularly prevalent within the Papilionideae legumes 
(Dixon and Sumner 2003).  They are derived from the phenylpropanoid pathway and 
include the typical antimicrobial compounds medicarpin from alfalfa and glyceollin in 
soybean, which have been implicated in protection against P. megasperma f.sp. 
medicaginis and Phytophthora sojae respectively (Vaziri et al. 1981, Subramanian et al. 
2005).  In pepper, capsidiol is the main phytoalexin with antimicrobial properties, which 
is derived from the isoprenoid pathway. Induction of enzymes associated with this 
pathway was correlated with capsidiol accumulation in P. capsici resistant pepper 
cultivars (Silvar et al. 2008). Also phytoalexin activity via the accumulation of 
phenolics in cocoa pods of Theobroma cacao correlate with an increased tolerance to P. 
megakarya (Djocgoue et al. 2007).  
 
1.14  Project Aims 
The aim of this research was to improve the genetic and genomic knowledge of plant 
resistance in the Phytophthora/legume interaction with a goal to use the most 
appropriate model system for the investigation.  Four important Phytophthora/host 
interactions have been utilised previously.  P. infestans infects leaves of potato and 
tomato so it is not typical of the soil-borne root infecting majority of this genus.  P. 
porri also infects the leaves of the model plant Arabidopsis.  P. parasitica infects roots 
of tobacco but along with Arabidopsis, potato and tomato the evolutionary divergence   32
between these hosts and legumes limits the transferability of the knowledge gained from 
these pathosystems.  Root-infecting P. sojae on the legume host soybean is more 
pertinent to Phytophthora/legume interactions.  However, the knowledge is specific to 
this pathosystem as the large genome size of P. sojae is not as amenable to molecular 
investigations for comparison with other legumes.  Soybean also represents phaseolid 
legumes which are taxonomically distant to the galegoid legumes that are affected by 
many broad host-range Phytophthora species. 
 
A root infecting Phytophthora/galegoid legume-model interaction is required to 
determine effective strategies for transferable resistance that will address the broad 
number of different Phytophthora species that cause disease on galegoid legumes.  P. 
medicaginis is a devastating pathogen of the galegoid legumes lucerne and chickpea.  
Effectively establishing a pathosystem between P. medicaginis and the model legume 
M. truncatula will enable genetic and genomic investigations to determine effective 
resistance mechanisms.  These will potentially be applicable not only to lucerne and 
chickpea but also other Phytophthora/legume interactions that may become more 
significant with changing global weather patterns. 
 
The ultimate aim of this research would be to clone and characterise disease resistance 
genes to facilitate improved legume varieties, either through synteny or ultimately 
genetic modification.  Towards this, the aims of this PhD were to: 
1.  establish a robust P. medicaginis/M. truncatula pathosystem (Chapter 3).   
2.  produce M. truncatula populations segregating for resistance to P.  medicaginis 
for the purpose of determining the genetic basis of resistance and mapping the 
genes or quantitative trait loci (QTLs) associated with resistance (Chapter 4).   33
3.  simultaneously map genes or QTLs associated with resistance to P. medicaginis 
in chickpea using medicago-based markers for the purpose of establishing 
synteny (Chapter 5). 
4.  use established molecular analysis tools to investigate the potential defence 
pathways involved in resistance to P. medicaginis (Chapter 6).   34
2  CHAPTER 2 – GENERAL MATERIALS AND METHODS 
This general chapter describes the materials and methods that were common to the 
experiments performed throughout this study.  The materials and methods that were 
specific to procedures employed in each of the following chapters are described within 
each chapter. 
 
2.1  Phytophthora culture storage 
Stored cultures of Phytophthora were maintained on corn meal agar (CMA) (Erwin and 
Ribiero 1996) in double sterilized milli-Q water in the dark at 20 
oC.   Storage cultures 
were prepared from 2 week old hyphal infested CMA plates grown at 24 
oC in the dark. 
1 cm blocks were cut and placed directly into McCartney bottles half filled with milli-Q 
water that had been autoclaved at 121 psi for 20 mins on two subsequent days, 24 hours 
apart.  Inoculum preparation for all experiments was taken from the storage culture to 
minimise the loss of pathogenicity, inherent in continued sub-culturing. 
 
2.2  Medicago truncatula seedling preparation and planting procedure for 
glasshouse experiments 
Stocks of M. truncatula pods were maintained by the Australian Centre for 
Necrotrophic Fungal Pathogens (ACNFP) according to the methods outlined in “The 
Medicago truncatula handbook” (Mathesius et al. (eds) 2006).  Seeds were removed 
manually from their pods and scarified with coarse sand in a marble mortar and pestle.  
Up to 25 scarified seeds were placed on filter paper in a 25 mm plastic Petri dish and 
wet with approximately 2 mL of sterile deionised water.  These were wrapped in plastic 
wrap to retain the moisture and covered in aluminium foil to maintain darkness, then 
vernalised at 4 
oC for 3 days to facilitate uniform germination.  The seeds were placed at   35
room temperature on the bench 24 hours before planting in a steam sterilized sand 
mixture (80% washed white river sand, 20% yellow top-dressing sand) devoid of 
organic material, within 20 mL black polypropylene seedling trays.  Experiments were 
maintained in a cooled glasshouse (summer temperature range 20 
oC - 25 
oC, winter 
temperature range 10 
oC – 25
 oC) and watered to capacity with drainage, approximately 
every second day to maintain soil moisture.  Once a week the water was supplemented 
with Nitrosol Liquid Plant Food (Envirogreen Pty Ltd Queensland Australia) at 2mL/L, 
which is half the manufacturer’s recommended dosage.  
 
2.3  Millet seed inoculum preparation 
Millet seed substrate was prepared by soaking approximately 80 mL of pearl millet seed 
(Pennisetum glaucum) in milli-Q water in a 250 mL erlenmeyer flask overnight.  The 
water was then drained and approximately 20 ml of milli-Q water was added back to the 
flask which was plugged with cotton wool and covered with aluminium foil before 
autoclaving at 121 psi for 20 mins on two subsequent days, 24 hours apart. 
 
The prepared millet seed was inoculated with five 1 cm diameter discs of Phytophthora 
hyphae obtained from the growing margins of a 7-10 day old culture grown on V8-juice 
agar (V8A) (Erwin and Ribiero 1996) at 25 
oC in the dark.  The millet seed cultures 
were incubated in the dark at 25 
oC with manual shaking every 2-3 days to maintain 
even hyphal growth distribution throughout the substrate.  The cultures were incubated 
until all the millet seed was infested with hyphae before inoculating soil; this ranged 
from 1-3 weeks depending on the isolate. 
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2.4  Millet seed soil inoculation 
Phytophthora-infested millet seed was added to a steam sterilized sand mixture (80% 
washed white river sand, 20% yellow top-dressing sand) devoid of organic material at 
1% (w/w).  Non-inoculated control plots were a combination of the sand mixture and 
non-infested millet seed. The mixture was manually shaken in sealed plastic bags to 
ensure even distribution of the infested millet seeds throughout the sand.   
 
Soil-inoculated seedlings in either 20 mL black polypropylene seedling trays or 250 mL 
black polypropylene pots were observed to respond similarly, so trays were used as the 
container of choice to minimise the use of materials and space. The mix was distributed 
into trays with approximately 5 cm of coarse vermiculite at the bottom to prevent loss 
through drainage holes.  Trays were filled to approximately 1 cm from the top and 
watered to container capacity 2 days prior to planting seedlings, allowing establishment 
of the Phytophthora species.   
 
2.5  Zoospore production  
Phytophthora was grown on V8A for 7 – 10 days at 25 
oC in the dark.  Approximately 
25, 1 cm disks were removed from the growing margin and placed into a 25 mm plastic 
petri dish, which was then flooded with 25 mL of 20% sterile soil extract (Erwin and 
Ribiero 1996).  25 mL of sterile soil extract was also put onto the V8A plate with the 
removed discs of hyphae and then both preparations were incubated over night on the 
bench for approximately 16 hours.   
 
To stimulate zoospore release plates were put into the fridge for approximately 1 hour 
then allowed to stand on the bench for approximately 1 hour.  The soil extract/zoospore 
suspension was transferred to a sterile plastic tube with a screw-capped lid and kept on   37
ice until inoculation.  The number of zoospores was counted using a haemocytometer by 
first vortexing 1 mL of the soil extract/zoospore suspension in an eppendorf tube for 1 
minute, to induce encystment.  Dilution to the required amount of zoospores was with 
sterile milli-Q water.  Inoculation was performed immediately after counting and 
diluting the zoospores to maximize the number of motile spores used. Mock inoculation 
of control seedlings was done with an equivalent dilution of sterile soil extract and 
milli-Q water. 
 
2.6  Zoospore inoculation 
Germinated seedlings were planted into steam sterilized sand (80% washed white river 
sand, 20% yellow top-dressing sand) within 20 mL black polypropylene seedling trays 
and allowed to grow for a specified time (2 days, 1 week or 2 weeks) prior to 
inoculation.  At inoculation, the trays of seedlings were placed into a second container 
and flooded with water so that it was above the surface of the sand but below the 
cotyledons (Figure 2.1).  1 mL of the required concentration of zoospores was pipetted 
directly to the base of each seedling.  The seedlings remained flooded for 3 hours, in 
which time the zoospores could encyst on the roots and hypocotyls of the seedlings.  
After 3 hours, the seedling trays were removed from the water and allowed to drain 
freely.  All potentially Phytophthora-infested water was collected and bleached with 
hypochlorite at 10% of the volume for 24 hours before discarding.   38
 
Figure 2.1: Zoospore inoculation of flooded seedlings of Medicago truncatula. 
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2.7  Confirmation of plant infection by root surface sterilisation 
At the end of the experiment seedlings were removed from the soil and their roots were 
surface sterilized in 70 % ethanol for 30 seconds, then washed in three rinses of distilled 
water and dried on blotting paper.  Root segments were aseptically cut and directly 
plated using sterile forceps onto Phytophthora selective agar modified from isolation 
media cited by Erwin and Ribiero (1996), containing 10 ppm pimaricin, 500ppm 
ampicillin and 10ppm rifampicin in corn meal agar (17 g/L DIFCO Laboratories, USA) 
The plates were incubated at 24 
oC for 24 - 48 hours and examined under a light 
microscope for the presence of Phytophthora hyphae.  
 
2.8  DNA extractions 
All material collected for DNA extraction was immediately frozen in liquid nitrogen 
and stored at -80 
oC until required.  Samples were homogenized using a Retsch MM301 
tissue lyser prior to DNA extraction.  Plant genomic DNA was extracted using a 
QIAGEN BioSprint 15 according to the manufacturer’s directions (Purification of DNA 
from Plant Tissue -  BioSprint DNA Plant Handbook 03/2005 p.15-19)  
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2.9  PCR conditions 
Polymerase chain reactions were assembled for the individual requirements in each 
experimental chapter according to Table 2.1. 
 
Table 2.1: PCR components employed in each chapter. 
 
  Chapter 4.2.1  Chapter 4.2.3  Chapter 5  Chapter 6 
Template total  50 ng DNA  25 ng DNA  40 ng DNA  16 ng cDNA 
Primers  10 µM  5 µM  10 µM  20 µM 
PCR Buffer  10X 10X 10X 10X 
MgCl2  25 mM  25 mM  25 mM  50 mM 
dNTPs  2 mM  2 mM  2 mM  10 mM 
Cresol Red 
Loading Dye 
6X 6X 6X  N/A 
SYBR green  N/A N/A N/A  100X 
Fluorescein  N/A N/A N/A  1  µM 
TAQ polymerase 
0.2 µL of 
5 Units/µL 
(Fischer) 
0.125 µL of 
5 Units/µL 
(Fischer) 
0.1 µL of 
5 Units/µL 
(Fischer) 
0.08 µL of 
5 Units/µL 
(Platinum) 
Water  Milli Q up to  
20 µL 
Milli Q up to 
12.5 µL 
Milli Q up to 
12.5 µL 
DEPC up to 
20 µL 
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2.10  Cicer spp. seedling preparation for DNA extraction 
All seeds of parental and recombinant inbred lines were supplied by principal chickpea 
breeder Mr Ted Knights from the New South Wales Dept. of Primary Industries 
Australia.  Seeds were placed on filter paper in a 25 mm plastic Petri dish and wet with 
approximately 5 mL of sterile deionised water, these were then wrapped in plastic wrap 
to retain the moisture and covered in aluminium foil to maintain darkness.  Seeds were 
allowed to germinate on the bench at room temperature for 48-72 hours.  Germinated 
seeds were planted into potting mix in 20 mL black polypropylene seedling trays and 
maintained in a cooled glasshouse (summer temperature range 20 
oC - 25 
oC, winter 
temperature range 10 
oC – 25 
oC) until 100mg of leaf tissue was available for DNA 
extraction (Section 2.8).    42
3  CHAPTER 3 - ESTABLISHING A MEDICAGO TRUNCATULA - 
PHYTOPHTHORA MEDICAGINIS PATHOSYSTEM. 
 
3.1  INTRODUCTION 
Using the model legume Medicago truncatula, researchers can exploit the genetic and 
genomic tools already developed for dissecting biotic interactions.  Synteny and 
comparative mapping between legumes or genetic modification can then be utilised to 
transfer knowledge obtained from the model to many other related legumes affected by 
similar pathogens.  This will result in more efficient use of resources and solutions for 
diseases with potentially devastating regional impacts or for species with large and 
complex genomes that limit their ability to be utilised as experimental systems.  
 
Phytophthora root rot can be a major regional disease in legume species yet little is 
known about the underlying mechanisms of interaction.  Of particular importance is P. 
medicaginis, which has a narrow host range and is a major disease of lucerne (Medicago 
sativa) in Australia and North America.  Widespread utilisation of resistant lucerne 
cultivars that have maintained durability, have been used in these countries for over 20 
years (Irwin et al. 1995). Chickpea (Cicer arietinum) is more susceptible than lucerne to 
P. medicaginis (Irwin et al. 1995) but deployment of resistant cultivars is not yet 
widespread.   
 
Phytophthora sojae is a major pathogen of soybean in Australia and throughout North 
America. The genetics of resistance to this host specific species have been extensively 
studied and have been shown to follow a gene-for-gene relationship (May et al. 2002).  
Other  Phytophthora  species, prevalent in Australia, that affect legumes include P.   43
cryptogea, P. drechsleri, P. citrophthora and P. megasperma.  Broad host range species 
P. cryptogea and P. drechsleri cause root rot and seedling blight to extensive lists of 
host species which include legumes of the genera Cicer, Cajanus, Glycine, Medicago, 
Phaseolus, Pisum and Vigna (Erwin and Ribiero 1996).  P. citrophthora also has a 
broad host range, most commonly on Citrus spp., but it can also infect chickpea (Erwin 
and Ribiero 1996).  P. megasperma is known to have a broad host range that includes 
legume crops such as chickpea, soybean, lucerne and white clover (Erwin and Ribiero 
1996).   
 
Two other important species of Phytophthora in Australia are P. nicotianae and P. 
cinnamomi.  P. nicotianae is most well known for infection of ornamental species, 
tropical fruits, tobacco, tomato, pineapple and citrus (Erwin and Ribiero 1996).  P. 
cinnamomi is most well known for its impact on native forests in Australia, Europe and 
North America and its effects on commercial crops such as avocado, pineapple and 
macadamia (Irwin et al. 1995, Erwin and Ribiero 1996, Tyler 2001).  It is known 
worldwide to have one of the broadest host ranges of the entire Phytophthora genus 
(Erwin and Ribiero 1996, Hardham 2005, Tyler 2001).  Although these two 
Phytophthora  species are not well known for infecting legume crops, a model 
pathosystem of this interaction using M. truncatula could result in the efficient 
identification of resistance for other important crops. 
 
In order to study a model interaction, the ability of M. truncatula to act as a host to 
various Phytophthora isolates must first be established. Accessions variable in their 
response to infection are also required for establishing a model pathosystem.  In this 
chapter the pathogenicity of eight Phytophthora species on M. truncatula was   44
determined and a M. truncatula/P. medicaginis pathosystem was developed for further 
molecular investigation. 
 
3.2  MATERIALS AND METHODS 
3.2.1  Phytophthora cultures 
Twenty four cultures of 8 Phytophthora species isolated in Australia were obtained for 
initial pathogenicity screening of Medicago truncatula (Table 3.1).  Where cultures 
isolated from legume crops were not available, cultures isolated from Australian native 
species were used.  Cultures were stored and maintained according to the general 
methods outlined in Chapter 2.1 
 
3.2.2  Medicago truncatula accessions 
M. truncatula seedlings of various accessions, hybrids and cultivars were used 
throughout these investigations.  They are all herein referred to as accessions for 
simplicity.  A mini core of eleven M. truncatula accessions were used for initial 
pathogenicity screening of each of the Phytophthora species.  The accessions were 
selected from 3 main clades of a phylogentic tree based on their microsatellite variation 
within a large core collection maintained by the South Australian Research 
Development Industry (SARDI) (Figure 3.1, Ellwood et al. 2006).  
 
The whole SARDI core collection (Ellwood et al. 2006) plus key accessions used by the 
medicago community (A17, Jester, A20, F83005, DZA315 and DZA045) were screened 
for natural variation in response to P. medicaginis UQ5750 and P. citrophthora UQ625.    
   45
  
Table 3.1: List of Phytophthora cultures obtained for pathogenicity screening. 
 
        
Phytophthora 
sp. 
Original 
Isolate 
Identification 
Origin
1 Isolated  from  Source
2 
        
P. cinnamomi  UQ795  Cape Arid WA  Soil  UQ 
  MP94  Jarrahdale WA  Jarrah  
(Eucalyptus marginata)
MU 
  MP97-7 Jarrahdale  WA  Jarrah  MU 
  MP97-12 Jarrahdale  WA  Jarrah  MU 
  MP127 Jarrahdale  WA  Jarrah  MU 
P. citrophthora  UQ625 Beerwah  QLD  Lemon  (Citrus limon) UQ 
P. cryptogea  VHS1136 Manjimup  WA Pattersonia sp.  DEC 
  VHS3606 Fitzgerald  River 
National Park WA 
Daviesia sp.  DEC  
P. drechsleri  UQ227 Unknown  QLD  Westringia fruiticosa  UQ 
P. medicaginis  UQ5614 Gatton  QLD  Alfalfa   
(Medicago sativa) 
UQ 
  UQ5619 Gatton  QLD  Alfalfa  UQ 
  UQ5750 Gatton  QLD  Alfalfa  UQ 
  UQ5751 Gatton  QLD  Alfalfa  UQ 
  UQ5752 Gatton  QLD  Alfalfa  UQ 
  UQ5753 Gatton  QLD  Alfalfa  UQ 
P. megasperma  UQ247 Trangie  NSW  Chickpea   
(Cicer arietinum) 
UQ 
  VHS3543  East Mt Barren WA  Dryandra spp.  DEC 
  VHS3581 Fitzgerald  River 
National Park WA 
Banksia baxteri  DEC 
P. nicotianae  VHS3453 Perth  WA  Chamelaucium spp.  DEC 
P. sojae  UQ336  Condobolin NSW  Soybean (Glycine max) UQ 
1: NSW – New South Wales, QLD – Queensland, WA – Western Australia 
2: DEC – Department of Environment and Conservation Western Australia, MU – Murdoch 
University Western Australia, UQ – University of Queensland.  
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3.2.3  Glasshouse experimental design 
In all experiments, M. truncatula accessions were prepared, planted and maintained 
according to the general methods outlined in Chapter 2.2.  The experimental design for 
all glasshouse experiments was a split plot of inoculated and non-inoculated plots within 
five randomised blocks representing five single seedling repetitions.  When screening 
the whole SARDI core collection, planting and soil inoculation was performed over two 
subsequent days.  To ensure comparability between accessions planted on separate days, 
two seedlings each of three of the mini core accessions (A20, DZA045 and SA27063) 
were established in each block of both non-inoculated and inoculated plots.  At the end 
of the experiment these standard seedlings were surface sterilised and plated onto 
Phytophthora selective agar to confirm infection by the pathogen, (See general methods 
Chapter 2.7).  Results were analysed by one-way analysis of variance (ANOVA) to 
compare the differences in non-inoculated growth and inoculated response between the 
same accessions planted on separate days. 
 
3.2.4  Glasshouse soil inoculation experiments 
Soil inoculation experiments were with Phytophthora infested millet seed, prepared 
according to the general methods in Chapter 2.3 and inoculation procedures were 
conducted as outlined in Chapter 2.4. Seedlings were scored over 3 weeks for 
emergence, survival and the number of leaves produced including the cotyledons.  The 
average seedling vigour of five non-inoculated seedlings and five inoculated seedlings 
was calculated by the ratio of the number of leaves produced by each non-inoculated or 
inoculated seedling, over the average number of leaves produced by non-inoculated 
seedlings. Test seedlings of chickpea, lentil, lupin or soybean were included to confirm 
the pathogenic ability of the Phytophthora cultures. These were chosen based on   48
previously recorded ability of the Phytophthora species to infect these crops (Erwin and 
Ribiero 1996). At the end of the experiment the test seedlings and M. truncatula 
seedlings were surface sterilised and plated onto Phytophthora selective agar to confirm 
infection by the pathogen (See general methods Chapter 2.7). 
 
3.2.5  Glasshouse zoospore inoculation experiments 
For zoospore inoculation experiments, Phytophthora zoospores were produced 
according to the general methods in Chapter 2.5 and inoculation procedures were 
conducted as outlined in Chapter 2.6. The first zoospore inoculation experiment was 
performed on five seedlings each of 2-day-old and 1-week-old seedlings using inoculum 
levels of 0 and 100,000 zoospores/plant.  A second zoospore inoculation experiment 
was performed on five seedlings each of 2-day-old and 1-week-old seedlings using 0, 
1000, 10,000 and 20,000 zoospores/plant.  
 
The average seedling vigour of five non-inoculated seedlings and five inoculated 
seedlings was scored over four weeks by calculating the proportion of dead or chlorotic 
leaves including cotyledons for each seedling.  At the end of the experiment, seedlings 
were removed for measurement of root fresh weight and shoot dry weight.  Roots were 
washed to remove sand and vermiculite and patted dry between paper towels.  Shoots 
were dried within paper envelopes in a drying oven at 50 
oC for 1 week before 
weighing.  
 
3.2.6  Statistical analysis 
 Comparison of non-inoculated and inoculated seedlings was by (ANOVA) using JMP 
version 5.1 (SAS Institute, Cary, NC). Comparison of response between inoculated   49
accessions was by Tukey Kramer-HSD analysis.  Equal variance tests were performed 
to meet the criteria for ANOVA.  Where unequal variance was apparent (P<0.05 of 
Bartlett test) then P value for Welch ANOVA analysis was used.  At the end of all 
experiments seedling roots were surface sterilised to confirm infection (See general 
methods Chapter 2.7).  
 
3.2.7  Phytophthora medicaginis field inoculation trial 
Twenty M. truncatula accessions were also planted in a natural environment to compare 
the response observed in the glasshouse.  Germinated seeds were planted by staff at the 
New South Wales Department of Primary Industries (NSW DPI) into a “Phytophthora-
nursery”.  This field is located in eastern Australia at Calala 8 km east of Tamworth 
(S31 08.784 E150 58.212) in New South Wales.  Trials were supplemented with oat 
seed inoculum (prepared similarly to millet seed inoculum - Chapter 2.3) of a mixture of 
six isolates of Phytophthora medicaginis (UQ5614, UQ5619, UQ 5750, UQ 5751, UQ 
5752, UQ 5753), at a rate of two oat kernels per M. truncatula seed (1.2g per 75cm row) 
at the time of planting. 
 
M. truncatula accessions were planted in rows randomly within 6 blocks (repetitions). 
The number of seedlings per row was dependent on germination rate and establishment, 
ranging from 8 to 20 seedlings (average 14 seedlings per row). Five chickpea varieties 
of known response to P. medicaginis were included in the trial as positive controls.  
These were, in order of most susceptible to most resistant: Sonali, Amethyst, Flipper, 
Jimbour and Yorker.  Three rows of Sonali and Yorker or two rows of the other 
chickpea varieties were planted randomly in each block. Up to 25 chickpea seeds were 
planted per row dependent on germination (average 21 seedlings per row).  
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Scores were rated visually, by comparison of the extent of disease symptoms between 
rows. The limits of the scale were from 1- all plants in a row healthy, to 9 – all plants in 
a row dead. (Figure 3.2).  Two assessment periods were scored at two and three months 
post planting. At the time of the two month scoring, three plants were sampled of each 
M. truncatula accession and from the most susceptible chickpea variety Sonali, from the 
end of three random rows.  The roots of these plants were surface sterilised and plated 
onto P5 agar to confirm the infection by Phytophthora.  
 
    51
 
Figure 3.2: Allocation of field disease scores 2 months after planting rows of Medicago 
truncatula into soil inoculated with Phytophthora medicaginis. Allocation was by visual 
comparison of the extent of disease symptoms between rows. Photos by Dr Kevin 
Moore (NSW DPI). 
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3.3  RESULTS 
3.3.1  Pathogenicity determination and core accession response  
M. truncatula accessions were soil inoculated in the glasshouse with 20 isolates of eight 
different species of Phytophthora to determine whether M. truncatula is an effective 
host and to determine the level of pathogenicity of each of these species.  Typical 
symptoms of Phytophthora root rot from soil infestation included pre or post-emergence 
seedling death resulting from severe hypocotyl infection, or infection of seedling 
hypocotyls and lateral roots resulting in brown lesions throughout a reduced root mass.  
Above ground symptoms ranged from non-emergence or stunted growth of shoots to 
normal vigour prior to sudden cessation of development associated with wilting, gradual 
shoot chlorosis and desiccation and eventual seedling death. 
 
Positive recovery of Phytophthora isolates on Phytophthora selective agar after tissue 
surface sterilisation indicated that all of the Phytophthora species tested were able to 
infect roots of Medicago truncatula in a glasshouse environment conducive to the 
pathogen (results not shown).  Graphs presented in Figure 3.3 indicate the level of 
pathogenicity of each of the Phytophthora isolates on a core group of M. truncatula 
accessions and a test seedling of lupin, lentil, chickpea or soybean, or a combination of 
these. Test seedlings used in each experiment confirmed the pathogenicity of each 
Phytophthora isolate except for those of P. megasperma, P. nicotianae and P. sojae.  
Three different test seedlings (chickpea, lentil and soybean) assayed in experiments with 
these Phytophthora sp. failed to show significant disease symptoms (Figures 3.3 p - t).  
All isolates of P. cinnamomi were pathogenic on chickpea but did not significantly 
affect the vigour of M. truncatula seedlings compared to non-inoculated controls 
(Figure 3.3 k - o).     53
Variable responses between accessions of M. truncatula were elicited by P. 
citrophthora, P. cryptogea, P. drechsleri and  P. medicaginis (Figure 3.3 a - j). P. 
medicaginis culture UQ5619 was the most pathogenic Phytophthora isolate (Figure 3.3 
f); all of the M. truncatula accessions were susceptible to this isolate, with 65% of the 
variation between the accessions explained by inoculation (For ANOVA analysis see 
Appendix A - Table 3.1).  Only SA27063 was not significantly different to the non-
inoculated control (P>0.05), but it produced less than half the number of leaves and was 
not significantly different (P<0.05) to the response of the other accessions (Figure 3.3 
f).  With the majority of seedlings affected by pre- or post-emergence damping off 
resulting in death, variability in response to P. medicaginis UQ5619 among the mini 
core collection was not apparent. 
 
The highest percentage of variation between accessions explained by inoculation, was 
71% and 72% in seedlings inoculated with P. medicaginis cultures UQ5750 and 
UQ5752 respectively (Appendix A - Table 3.1).  Response to these two isolates was 
also the most varied, each with four Tukey Kramer-HSD categories (Figures 3.3 g and 
3.3 i). These categories ranged from resistant, for example accession SA27063 which 
was not significantly different (P>0.05) in vigour compared to non-inoculated seedlings, 
to susceptible such as accessions A20 and Borung that were significantly different 
(P<0.05) to non-inoculated seedlings and responded similarly to the highly susceptible 
chickpea seedlings (Figures 3.3 g and 3.3 i).  Moderate levels of resistance to these 
isolates were also notable between the extremes; accession A17 produced half the 
amount of leaves compared to non-inoculated controls (P<0.05) but was not as highly 
susceptible as chickpea (P>0.05).   
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Figure 3.3 a - h: Pathogenicity determination of various Phytophthora species on 
Medicago truncatula core accessions.  Bars represent standard error of the mean. 
Squares represent a significant difference (P<0.05) in vigour between inoculated and 
non-inoculated seedlings, diamonds represent no significant difference.  Accessions 
with the same letter are not significantly different to each other in response to 
inoculation. 
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Figure 3.3 cont. i - p: Pathogenicity determination of various Phytophthora species on 
Medicago truncatula core accessions. Bars represent standard error of the mean. Squares 
represent a significant difference (P<0.05) in vigour between inoculated and non-inoculated 
seedlings, diamonds represent no significant difference.  Accessions with the same letter are 
not significantly different to each other in response to inoculation 
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Figure 3.3 cont. q - t: Pathogenicity determination of various Phytophthora species on 
Medicago truncatula core accessions. Bars represent standard error of the mean. Squares 
represent a significant difference (P<0.05) in vigour between inoculated and non-
inoculated seedlings, diamonds represent no significant difference.  Accessions with the 
same letter are not significantly different to each other in response to inoculation 
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3.3.2  SARDI collection accession response 
To determine the most extreme variable responses to infection within the SARDI core 
collection, 97 accessions were screened with Phytophthora medicaginis isolate 
UQ5750, chosen for its level of pathogenicity and the highly variable response it 
elicited from M. truncatula accessions of the mini core collection.   For comparison, P. 
citrophthora UQ625 was also used to screen the SARDI core collection to see if natural 
variation was also apparent in response to a different species that is not noted for its 
pathogenicity on legume species.   
 
The same non-inoculated standard accessions (SA27063, A20 and DZA045) were 
planted in experiments that were established on separate days to ensure these 
experiments were comparable.  There was no significant difference in growth between 
the non-inoculated standard accessions or between the same accessions planted on 
separate days (Appendix A - Figure 3.1).  This was also the case for both P. medicaginis 
and P. citrophthora inoculated standard accessions (Appendix A - Figures 3.2 and 3.3). 
This confirmed that the response of accessions planted on separate days could be 
compared.  
 
Figure 3.4 and 3.5 indicate the range of responses by different M. truncatula accessions 
to infection by P. medicaginis and P. citrophthora respectively.  The difference in 
response to inoculation with P. medicaginis explained 24.7% (R
2 value) of the variance 
between the accessions. Response to P. citrophthora explained 36.2% of the variance. 
P. medicaginis was more pathogenic than P. citrophthora; all but eight accessions   
inoculated with P. medicaginis responded with less than 60% the amount of leaves 
produced compared to non-inoculated control seedlings (+ SE) (Figure 3.4).  Response 
to P. citrophthora was less severe with 34 accessions producing greater than 60% the   58
amount of leaves of the non-inoculated control seedlings, 13 of these produced more 
than 80% (+ SE) and were not significantly different to the non-inoculated seedlings 
(Figure 3.5).  It was observed that the M. truncatula accessions most resistant to P. 
medicaginis (SA8618, SA21362, A17 and SA8623) were also among the accessions 
most resistant to P. citrophthora.   
   59
 
Figure 3.4: Response of 97 accessions of Medicago truncatula to soil inoculation with Phytophthora medicaginis UQ5750. Score of mean ratio of the 
number of leaves produced by inoculated seedlings to the mean number of leaves produced by non-inoculated seedlings. Lines represent standard error 
of the mean. Non-shaded (white) bars indicate a significant difference (P<0.05) between the inoculated and non-inoculated seedlings.  
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Figure 3.5: Response of 97 accessions of Medicago truncatula, to soil inoculation with Phytophthora citrophthora UQ625.  Score of mean ratio of the 
number of leaves produced by inoculated seedlings to the mean number of leaves produced by non-inoculated seedlings. Lines represent standard error 
of the mean. Non-shaded (white) bars indicate a significant difference (P<0.05) between the inoculated and non-inoculated seedlings.  
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3.3.3  Comparison of accession responses to different Phytophthora species. 
To determine if there was any species specific interaction in response to different 
Phytophthora  species, twenty M. truncatula accessions were selected to repeat the 
experiment and verify the responses to P. medicaginis (UQ 5750) and P. citrophthora 
(UQ 625), as well as comparing these responses to those elicited by P. cryptogea (VHS 
1136) and P. drechsleri (UQ227).  The twenty accessions with a range of responses to 
P. medicaginis and P. citrophthora, were chosen based on vigour, the significance of 
the vigour compared to non-inoculated control seedlings analysed by ANOVA and the 
survival rate three weeks post soil inoculation (Appendix A Table 3.2). In some 
instances the germination rate, leaf production and/or survival was poor for some 
accessions in the core SARDI collection.  These accessions were avoided in the repeat 
experiment.   
 
The observed response in vigour to inoculation with the four different species of 
Phytophthora was variable (Figure 3.6).  However in the majority of cases, response to 
four different Phytophthora species was not statistically significantly different (P<0.05) 
for each M. truncatula accession (Appendix A Figure 3.4). Contrary to this were 
accessions A17, SA2162 and SA28097.  Accessions A17 and SA28097 responded 
significantly differently (P<0.05) to P. citrophthora to which they were less susceptible 
than to P. cryptogea, but responses to these two pathogens by both accessions was not 
significantly different (P>0.05) to the responses to P. drechsleri and P. medicaginis 
(Figure 3.7). Accession SA2162 was significantly (P<0.05) more resistant to P. 
citrophthora than to the three other Phytophthora species (Figure 3.7).  The vigour, the 
significance of the vigour compared to non-inoculated control seedlings analysed by 
ANOVA and the survival rate three weeks post soil inoculation of each M. truncatula 62 
 
accession in response to inoculation with each of the four Phytophthora species is 
presented in Appendix A – Table 3.3. 
 
  63 
 
                            
Figure 3.6: Example of the observed response of Medicago truncatula accession 
SA27192 to four different Phytophthora species, 3 weeks after planting in infested soil.  
The observed variation in response to inoculation is not significantly different, indicated 
by Tukey Kramer-HSD analysis with variables having the same letter. 
 
  
P. citrophthora 
AB 
Non-inoculated 
A 
P. medicaginis 
B 
P. cryptogea 
AB 
P. drechsleri 
B 64 
 
 
A17 
 
SA2162 
 
SA28097 
 
 
Figure 3.7: Medicago truncatula accessions exhibiting significantly different responses 
to four different species of Phytophthora.  Tukey Kramer-HSD analysis indicates the 
response to species with the same letter, is not significantly different (P<0.05). Vertical 
bars with horizontal dashes represent the mean and standard error of the mean. 
  
R
a
t
i
o
 
o
f
 
N
o
.
 
l
e
a
v
e
s
 
t
o
 
m
e
a
n
 
N
o
.
 
c
o
n
t
r
o
l
 
l
e
a
v
e
s
-0.2
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
Control P. citrophthora P. cryptogea P. drechsleri P. medicaginis
Inoculum
R
a
t
i
o
 
o
f
 
N
o
.
 
l
e
a
v
e
s
 
t
o
 
m
e
a
n
 
N
o
.
 
c
o
n
t
r
o
l
 
l
e
a
v
e
s
-0.2
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
Control P. citrophthora P. cryptogea P. drechsleri P. medicaginis
Inoculum
R
a
t
i
o
 
o
f
 
N
o
.
 
l
e
a
v
e
s
 
t
o
 
m
e
a
n
 
N
o
.
 
c
o
n
t
r
o
l
 
l
e
a
v
e
s
-0.2
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
Control P. citrophthora P. cryptogea P. drechsleri P. medicaginis
Inoculum
A             A            B             B           B  
A             A            B             AB       AB  
A           AB          C             BC         BC  65 
 
3.3.4  Phytophthora medicaginis field inoculation trial 
The same twenty M. truncatula accessions that were selected to compare the accession 
responses to the four Phytophthora species were also planted in a P. medicaginis 
infested field to determine if the response by these accessions was similar to those 
observed in the glasshouse.  In the field inoculation trial, each control chickpea variety 
from the most susceptible – Sonali, to the most resistant - Jimbour, responded according 
to the known level of susceptibility in relation to each other (Figure 3.8).  Each of the 
plants of chickpea variety Sonali sampled from the field trial had diseased roots with 
obvious brown lesions and Phytophthora could be isolated from these roots (results not 
shown).   
 
The scored response by each of the M. truncatula accessions varied from 2.5 (Jester) to 
5.5 (DZA045) at 2 months post planting and from 2.3 (Jester) to 7.25 (SA8618) at 3 
months post planting (Figure 3.8).  Each of the M. truncatula plants sampled had white 
roots without typical disease symptoms.  Phytophthora was only isolated from M. 
truncatula accession Caliph after root surface sterilisation. Accessions SA2162 and 
SA22322 failed to germinate sufficiently and were removed from the trial.   
 66 
 
 
 
Figure 3.8: Comparison of field scores for eighteen Medicago truncatula accessions (brown 
dark shaded bars) and five Cicer arietinum varieties (yellow light shaded bars) at A) 2 
months post planting and B) 3 months post planting into a Phytophthora  medicaginis-
infested field.  Score 1- all plants healthy to 9 – all plants dead. 
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3.3.5  Comparison of accession response to different cultures of the same 
Phytophthora species. 
To determine if the defence response was race specific, six accessions of M. truncatula 
that displayed consistent responses to P. medicaginis isolate UQ5750 in soil inoculation 
experiments were assessed for their response to five different P. medicaginis isolates.  
M. truncatula accessions SA8618, SA8623 and A17 were observed to be consistently 
resistant to P. medicaginis UQ5750 and accessions SA30199, A20 and Borung were 
observed to be consistently susceptible to this isolate.  Conditions in the glasshouse at 
the time this experiment was first performed were particularly conducive to 
Phytophthora.  Seedling emergence was less than 20% for all inoculated accessions and 
survival one week after planting was less than 10%.  This experiment was abandoned 
after 2 weeks.  The experiment was repeated, reducing the inoculum by half to 0.5% 
w/w Phytophthora-infested millet seed.  Infection was still severe but variation in 
response could be determined. 
 
All of the M. truncatula accessions previously observed to be susceptible to P. 
medicaginis isolate UQ5750, were again susceptible to this isolate and to the four other 
isolates of P. medicaginis (Figure 3.9).  M. truncatula accession Borung inoculated with 
P. medicaginis isolate UQ5750 was statistically not significantly different to the non-
inoculated control (P>0.05). However, it was also not significantly different in response 
to the other P. medicaginis isolates and it was observed that seedlings were severely 
stunted, producing only 24% of the number of leaves of the non-inoculated seedlings 
(Figure 3.9). 
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The previously observed resistant M. truncatula accessions were more variable in their 
response to inoculation (Figure 3.9).  In this experiment, analysis indicated that 
accession A17 was not resistant to isolate UQ5619, accession SA8618 was not resistant 
to isolate UQ5750 or UQ5751 and accession SA8623 was not resistant to isolate 
UQ5750 or UQ5753.  However, statistically the variance in response by each of the M. 
truncatula resistant accessions was not significantly different (P>0.05) between any 
isolate of P. medicaginis (Figure 3.9).   
 
3.3.6  Comparison of accession response using a Phytophthora zoospore 
inoculation method. 
Due to the extreme symptoms observed using the soil inoculation method, another 
method was evaluated to determine if the consistent differentiation in responses 
observed for the six M. truncatula accessions assessed in section 3.3.5 when they were 
soil inoculated, were similar to when they were exposed to a single inoculation using 
zoospores.  Phytophthora  medicaginis zoospore inoculation of 1-week-old seedlings 
using isolate UQ5750 showed a differentiation in response between the six selected 
accessions of Medicago truncatula. Generally, severity of response to zoospore 
inoculation of 2-day-old seedlings manifested earlier and was greater than 1-week-old 
seedlings. The phenotype was a gradual chlorosis, desiccation and eventual loss of 
leaves from the oldest to youngest.  Susceptible seedlings slowed in leaf production, 
which were stunted in growth and/or purple on the abaxial surface.  Severely affected 
seedlings eventually died (Figure 3.10).   
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A17  (R)          SA8618  (R) 
    
 
SA8623  (R)          A20  (S) 
    
 
Borung  (S)          SA30199  (S) 
    
Figure 3.9: Comparison of response to five different isolates of Phytophthora medicaginis 
by six accessions of Medicago truncatula observed to be previously resistant (R) or 
previously susceptible (S), 3 weeks after planting into infested sand. Tukey Kramer-HSD 
analysis indicates accessions with the same letter are not significantly different (P>0.05). 
Vertical bars with horizontal dashes represent the mean and standard error of the mean. 
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Figure 3.10: Disease progression of Medicago truncatula seedlings inoculated with 
Phytophthora medicaginis. A) Arrow indicates first symptoms of chlorosis and 
desiccation of cotyledons approximately 1 week post inoculation.  B) Progression of 
chlorotic symptoms. Arrow indicates closing of trefoil, a prelude to chlorosis and 
desiccation. C) Production of stunted leaves and loss of older leaves approximately 4 
weeks post inoculation. Arrow indicates purple abaxial surface of nearby seedling. D) 
Eventual death of susceptible seedling compared to non-inoculated seedling, 
approximately 4 weeks post inoculation. 
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Inoculation with 100,000 zoospores per plant of 2-day-old seedlings, showed M. 
truncatula resistant accession SA8618 and the previously susceptible accession A20 to 
be the most resistant to P. medicaginis isolate UQ 5750. Both these accessions had a 
lesser proportion of dead or chlorotic leaves, not significantly different (P<0.05) to the 
non-inoculated seedlings (Figure 3.11). Resistant accessions SA8623 and A17 had a 
lesser proportion of dead or chlorotic leaves than susceptible accessions Borung and 
SA30199. These four accessions were significantly different (P<0.05) to the non-
inoculated seedlings by the end of the assessment period at 4 weeks post inoculation.  
However, statistically the response to inoculation by all of the 2-day-old M. truncatula 
accessions was not significantly different (P<0.05) to each other after 4 weeks with only 
28.1% of the variation explained by accession response (Figure 3.12). 
 
Inoculation with 100,000 zoospores per plant of 1-week-old seedlings showed that two 
of the previously observed susceptible accessions (Borung and SA30199) were 
increasingly significantly different (P<0.05) to non-inoculated controls with time 
(Figure 3.12). Accession A20 showed early symptoms that remained constant with time 
but were still significantly different to the non-inoculated seedlings (P<0.05) (Figure 
3.12).  
 
The 1-week-old resistant accessions (SA8618, SA8623 and A17) responded with lower 
disease symptoms that were only significantly different to the non-inoculated seedlings 
at four weeks post inoculation for SA8618 and SA8623 and at three weeks but not four 
weeks post inoculation for A17 (Figure 3.13).  Only the response by accession A20 was 
similar to the three resistant species which were significantly different (P<0.05) to the 72 
 
susceptible accessions Borung and SA30199, where 70% of the variance was explained 
by accession response (Figure 3.14). 
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Figure 3.11: Proportion of dead or chlorotic leaves of 2-day-old seedlings of Medicago 
truncatula in response to zoospore inoculation with Phytophthora medicaginis UQ5750 from 
1 to 4 weeks post inoculation (wks pi). Bars represent standard error of the mean. Numbers 
represent weeks post inoculation where there was a significant difference (P<0.05) between 
the inoculated and non-inoculated seedlings. 
  
 
 
 
2-day-old inoculated seedlings (R
2 = 0.2811) 
 
Figure 3.12: Comparison of proportion of dead or chlorotic leaves between 2-day-old 
Medicago truncatula accessions, 4 weeks post inoculation with zoospores of Phytophthora 
medicaginis UQ5750.  Accessions with the same letter are not significantly different (P>0.05) 
in response to inoculation.  Vertical bars with horizontal dashes represent the mean and 
standard error of the mean. 
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Figure 3.13: Proportion of dead or chlorotic leaves of 1-week-old seedlings of Medicago 
truncatula in response to zoospore inoculation with Phytophthora medicaginis UQ5750 from 
1 to 4 weeks post inoculation (wks pi). Bars represent standard error of the mean. Numbers 
represent weeks post inoculation where there was a significant difference (P<0.05) between 
the inoculated and non-inoculated seedlings. 
 
 
1-week-old inoculated seedlings (R
2 = 0.7014) 
 
Figure 3.14: Comparison of proportion of dead or chlorotic leaves between 1-week-old 
Medicago truncatula accessions, 4 weeks post inoculation with zoospores of 
Phytophthora medicaginis UQ5750.  Accessions with the same letter are not 
significantly different (P>0.05) in response to inoculation.  Vertical bars with horizontal 
dashes represent the mean and standard error of the mean. 
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The shoot and root masses of 2-day-old seedlings inoculated with 100,000 zoospores 
per plant (Figure 3.15 and 3.16) reflected the results of the proportion of dead/chlorotic 
leaves. Inoculated M. truncatula accessions SA8618 and A20 were not significantly 
different (P>0.05) to non-inoculated seedlings, but all other accessions were 
significantly different (P<0.05) to non-inoculated seedlings.  
 
There was a significant difference (P<0.05) in the shoot masses of 1-week-old seedlings 
of susceptible accessions Borung and SA30199 inoculated with 100,000 zoospores per 
plant compared to non-inoculated seedlings (Figure 3.17).  Shoot masses of the 1-week-
old inoculated resistant accessions SA8618, SA8623 and A17 and previously 
susceptible accession A20, were not significantly different (P>0.05) to non-inoculated 
seedlings (Figure 3.17).  
 
Measurement of root masses of 1-week-old seedlings inoculated with 100,000 
zoospores per plant revealed that resistant accessions SA8623 and A17 had significantly 
(P<0.05) reduced root masses along with the susceptible accessions A20, Borung and 
SA30199  (Figure 3.18).  The root mass of resistant accession SA8618 was not 
significantly (P>0.05) affected compared to non-inoculated seedlings (Figure 3.18). 
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Figure 3.15: Effect of zoospore inoculation with Phytophthora medicaginis UQ5750 on shoot 
dry weight of 2-day-old Medicago truncatula seedlings 4 weeks post inoculation.  Asterices 
indicate a significant difference between inoculated and non-inoculated seedlings for each 
accession. Bars represent standard error of the mean. 
 
 
 
 
Figure 3.16: Effect of zoospore inoculation with Phytophthora medicaginis UQ5750 on root 
fresh weight of 2-day-old Medicago truncatula seedlings 4 weeks post inoculation.  Asterices 
indicate a significant difference between inoculated and non-inoculated seedlings for each 
accession. Bars represent standard error of the mean. 77 
 
 
Figure 3.17: Effect of zoospore inoculation with Phytophthora medicaginis UQ5750 on 
shoot dry weight of 1-week-old Medicago truncatula seedlings 4 weeks post inoculation.  
Asterices indicate a significant difference between inoculated and non-inoculated seedlings 
for each accession. Bars represent standard error of the mean. 
 
 
 
 
Figure 3.18: Effect of zoospore inoculation with Phytophthora medicaginis UQ5750 on root 
fresh weight of 1 week old Medicago truncatula seedlings 4 weeks post inoculation.   
Asterices indicate a significant difference between inoculated and non-inoculated seedlings 
for each accession. Bars represent standard error of the mean. 78 
 
Zoospore production was limited for the second experiment to determine an optimum 
inoculum level. The maximum amount of zoospores able to be produced was 20,000 per 
plant rather than 100,000.  Due to poor germination of accessions SA8618 and SA8623, 
no 2-day-old seedlings were available for inoculation with 20,000 zoospores per plant.   
 
Both 2-day-old and 1-week-old resistant accessions SA8618 and SA8623 were not 
significantly (P>0.05) affected by any inoculum levels during the experiments (Figures 
3.19 and 3.20). 2-day-old resistant accession A17 was not significantly (P>0.05) 
affected by any inoculum levels during the experiment, but one-week-old seedlings of 
this accession were significantly affected by 4 weeks p.i. at 1,000 and 10,000 
zoospores/plant inoculum levels and by 3 weeks p.i. at 20,000 zoospores/plant inoculum 
level (Figure 3.20).  However, the severity of disease was not as high as observed for 
susceptible accessions Borung and SA30199 seedlings, which were increasingly 
significantly (P<0.05) affected over time by increasing inoculum levels, whether 2-day-
old or 1-week-old (Figures 3.19 and 3.20). Inoculated 2-day-old and 1-week-old 
seedlings of accession A20 were not significantly different to non-inoculated accessions 
except at 3 weeks p.i. with 20,000 zoospores per plant (Figure 3.19 and 3.20).  All 
accessions responded to inoculation similarly to the responses observed in the first 
zoospore inoculation experiment.  The response to inoculum was not significantly 
different (P>0.05) by any of the accessions of either 2-day-old or 1-week-old seedlings 
(Figures 3.21 and 3.22). 
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Figure 3.19: Proportion of dead or chlorotic leaves in response to different levels of zoospore 
inoculum of Phytophthora medicaginis UQ5750 by 2-day-old emerged seedlings of Medicago 
truncatula 1 to 4 weeks post inoculation. Bars represent standard error of the mean. Numbers 
represent weeks post inoculation where there is a significant difference (P<0.05) between the 
inoculated and non-inoculated seedlings. 
 
 
 
Figure 3.20: Proportion of dead or chlorotic leaves in response to different levels of zoospore 
inoculum of Phytophthora medicaginis UQ5750 by 1-week-old emerged seedlings of 
Medicago truncatula 1 to 4 weeks post inoculation. Bars represent standard error of the mean. 
Numbers represent weeks post inoculation where there is a significant difference (P<0.05) 
between the inoculated and non-inoculated seedlings. 
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A17             SA8618 
   
 
  SA8623            A20 
  
 
  Borung            SA30199 
  
 
Figure 3.21: Comparison of response by 2-day-old Medicago truncatula seedlings 4 
weeks post inoculation, between different inoculum levels of Phytophthora medicaginis 
UQ5750.  Score is proportion of dead or chlorotic leaves. Inoculum levels with the same 
letter are not significantly different (P>0.05) in response to inoculation.  Vertical bars 
with horizontal dashes represent the mean and standard error of the mean. 
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  A17               SA8618 
    
 
 
  SA8623            A20 
    
 
 
  Borung            SA30199 
    
 
Figure 3.22: Comparison of response by 1-week-old Medicago truncatula seedlings 4 
weeks post inoculation, between different inoculum levels of Phytophthora medicaginis 
UQ5750.  Score is proportion of dead or chlorotic leaves. Inoculum levels with the same 
letter are not significantly different (P>0.05) in response to inoculation.  Vertical bars with 
horizontal dashes represent the mean and standard error of the mean. 
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There was a significant difference (P<0.05) between inoculated and non-inoculated 
seedlings in shoot and root mass at the end of the assessment period for accessions A17, 
A20, Borung and SA30199 for both 2-day-old and 1-week-old seedlings at all inoculum 
levels (Figures 3.23 to 3.26), except for the shoot masses of 1-week-old seedlings of 
accession A20 inoculated with 1,000 zoospores/plant (Figure 3.25).  There was no 
significant difference between non-inoculated and inoculated seedlings of accession 
SA8618 in shoot or root mass at any inoculum level for both 2-day-old and 1-week-old 
seedlings (Figures 3.23 to 3.26).  The shoot masses of resistant accession SA8623 were 
not significantly (P>0.05) affected compared to non-inoculated seedlings of both 2-day-
old and 1-week-old seedlings at any inoculum level, except 1-week-old seedlings 
inoculated with 20,000 zoospores/plant (Figures 3.23 and 3.25). The root masses of 1-
week-old SA8623 seedlings at all inoculum levels and 2-day-old SA8623 seedlings 
inoculated with 10,000 zoospores/plant were significantly (P<0.05) affected but not as 
severely as the other accessions (Figures 3.24 and 3.26). 
 
Typical representations of root symptoms by the different accessions of M. truncatula 
inoculated with P. medicaginis are shown in Figures 3.27 and 3.28.  From consistent 
observation and data presented, M. truncatula accession SA8618 can be considered as 
highly resistant, SA8623 as resistant, A17 as moderately resistant, A20 as moderately 
susceptible and Borung and SA30199 as susceptible. 83 
 
 
Figure 3.23: Effect of different levels of zoospore inoculum of Phytophthora medicaginis 
UQ5750 on shoot dry weight of 2-day-old Medicago truncatula seedlings 4 weeks post 
inoculation. Asterices represent a significant difference to non-inoculated seedlings. Bars 
represent standard error of the mean. 
 
 
 
 
 
Figure 3.24: Effect of different levels of zoospore inoculum of Phytophthora medicaginis 
UQ5750 on root fresh weight of 2-day-old Medicago truncatula seedlings 4 weeks post 
inoculation. Asterices represent a significant difference to non-inoculated seedlings. Bars 
represent standard error of the mean. 84 
 
 
 
Figure 3.25: Effect of different levels of zoospore inoculum of Phytophthora medicaginis 
UQ5750 on shoot dry weight of 1-week-old Medicago truncatula seedlings 4 weeks post 
inoculation. Asterices represent a significant difference to non-inoculated seedlings. Bars 
represent standard error of the mean. 
 
 
 
 
 
Figure 3.26: Effect of different levels of zoospore inoculum of Phytophthora medicaginis 
UQ5750 on root fresh weight of 1-week-old Medicago truncatula seedlings 4 weeks post 
inoculation. Asterices represent a significant difference to non-inoculated seedlings. Bars 
represent standard error of the mean. 
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Non-inoculated                 Inoculated  
SA8618 (HR) 
    
 
SA8623 (R) 
    
 
A17 (MR) 
    
Figure 3.27: Highly resistant (HR), resistant (R) and moderately resistant (MR) responses by 
accessions of Medicago truncatula to zoospore inoculation with Phytophthora medicaginis 
UQ5750. 86 
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A20 (MS) 
    
 
Borung (S) 
    
 
SA30199 (S) 
    
Figure 3.28: Moderately susceptible (MS) and susceptible (S) responses by accessions of 
Medicago truncatula to zoospore inoculation with Phytophthora medicaginis UQ5750. 87 
 
3.4  DISCUSSION 
The use of Phytophthora-infested millet seed as inoculum produced an assay that was 
functional for rapid screening of large numbers of accessions such as the SARDI M. 
truncatula core collection.  Using this method M. truncatula was documented as a 
model host for four different species of Phytophthora (P. citrophthora, P. cryptogea, P. 
drechsleri and P. medicaginis) and the SARDI core collection was recognised as a good 
source of differential natural resistance to this pathogen.  Several germplasm collections 
of cultivated and wild legume species are established as valuable sources of resistance 
to soil-borne disease (Infantino et al. 2006) and those of M. truncatula are proving to be 
as valuable for both root and foliar pathogens, especially due to its model status 
(Ellwood et al. 2006, Foster-Hartnett et al. 2007, Vailleau et al. 2007).   
 
One isolate of P. citrophthora, two isolates of P. cryptogea, one isolate of P. drechsleri 
and six isolates of P. medicaginis were highly pathogenic on test seedlings and caused 
significant disease on a mini core collection of M. truncatula accessions, conferring it as 
an effective model host for these four species (Figure 3.3).  Although P. citrophthora, 
P. cryptogea and P. drechsleri did not elicit a high degree of variation among the mini 
core collection, P. citrophthora did show more variation when tested on the whole 
SARDI core collection (Figure 3.5). Thus, testing more M. truncatula accessions and 
possibly more isolates could extract natural variation from among accessions for P. 
cryptogea and P. drechsleri if required.   
 
Not all of the Phytophthora species were able to cause disease on M. truncatula. P. 
megasperma is known to have a broad host range that includes legume crops, but in this 
assessment the three isolates of P. megasperma that were available did not cause 88 
 
significant disease on the test seedlings of chickpea, soybean or lentil that were included 
in the assay (Figure 3.3).  Isolate UQ247 was initially isolated from chickpea and as 
such we should expect it to infect the test chickpea seedlings.  It did not and so in this 
case could be considered non-pathogenic.  The two other isolates of P. megasperma 
were isolated from Australian native species and as such may be genetic variants that 
are non-pathogenic on these crop species.   
 
P. nicotianae and P. cinnamomi also have broad host ranges and so were included for 
assessment, but they are not particularly known for causing extensive legume crop 
diseases.  Pathogenicity of the P. nicotianae isolate could not be determined using crop 
legume test plants, but the isolate was included to see if it could cause disease on 
chickpea, soybean, lentil or the M. truncatula accessions.  The experiment confirmed it 
could not (Figure 3.3).  The four isolates of P. cinnamomi tested in this experiment were 
able to cause significant disease on the test chickpea seedlings, but despite their 
virulence these isolates were unable to cause disease on M. truncatula (Figure 3.3).  We 
conclude that M. truncatula is not an effective host for pathogenic isolates of P. 
cinnamomi and as such could serve for investigating non-host resistance (Mysore and 
Ryu 2004).  Molecular studies of compatible interactions of P. cinnamomi with a model 
species can be performed in Arabidopsis thaliana, which does exhibit a range of host 
resistant responses to infection (Robinson and Cahill 2003). 
 
The isolate of P. sojae used in this experiment did not cause disease on the test soybean 
seedlings.  Either it is not pathogenic or the host cultivar chosen possesses Rps genes 
conferring its resistance to the specific race of this isolate.  Regardless, this isolate was 89 
 
not pathogenic on M. truncatula and it would be unlikely that any other isolate would 
cause disease on M. truncatula given its host specific nature.   
 
To observe whether the same natural variation between the responses of M. truncatula 
were apparent against different Phytophthora species, P. citrophthora not normally 
associated with diseases of legumes and P. medicaginis were first used to screen the 
whole SARDI core collection.  Both species elicited a natural variation in response 
ranging from susceptible to resistant (Figures 3.4 and 3.5), so twenty accessions were 
chosen to be inoculated again with the four species of Phytophthora to assess their 
responses.  Most of the accession responses to P. citrophthora and P. medicaginis were 
similar and reproducible and also consistent with responses to P. cryptogea and P. 
drechsleri (Appendix A - Figure 3.4). The observed accession specific resistance to 
Phytophthora by M. truncatula indicates host resistance (Mysore and Ryu 2004) with a 
general defence response that is not species specific. 
 
These same twenty M. truncatula accessions were also screened in the field, where they 
were exposed to the pathogen under the same environmental conditions as the cultivated 
host plants.  The disease progression and relative disease scores by these accessions in 
response to P. medicaginis exposure in the field generally did not correspond to the 
response attained from observations in the glasshouse.  Some of the accessions, such as 
A17 and Jester, did reflect the glasshouse observations of intermediate resistance and 
similarly, susceptible DZA045 and Borung were susceptible in both environments.   
However, most of the accessions responses did not correspond between the 
environments; the most resistant accessions in the glasshouse screening, SA21362, 
SA8618, SA8623 and SA2841 (Figure 3.4) resided among the most disease affected in 90 
 
the field (Figure 3.8).  The least disease affected in the field – SA27192, DZA315, 
Caliph and SA30199 were expected to be susceptible.   
 
A major disadvantage of field plots is the risk of disease assessment being compromised 
by multiple diseases present in the natural environment (Infantino et al. 2006).  The 
inability to isolate Phytophthora from the observed healthy roots of M. truncatula after 
exposure in the field, lends to the belief that we were scoring disease symptoms of 
another antagonist, most likely an insect herbivore.  It is also possible that the different 
growth habits of the accessions confounded the scoring. Given that P. medicaginis has 
not been recorded on M. truncatula in a natural environment previously, it is likely that 
it is not a preferred host.  It can be concluded that field screening is inadequate for 
resistance variation characterisation of this pathosystem.  
 
In the initial glasshouse soil inoculation experiments, three M. truncatula accessions 
were observed to be consistently resistant (SA8618, SA8623 and A17) and three were 
observed to be consistently susceptible (SA30199, A20 and Borung) to P. medicaginis 
UQ5750. These six accessions were assessed for their response to five different P. 
medicaginis isolates to determine if the defence response was race specific.  Infection 
by the five different isolates did not elicit different responses from individual M. 
truncatula accessions (Figure 3.9).  Races of P. medicaginis have not previously been 
observed (Erwin and Ribiero 1996) and in M. sativa no gene-for-gene relationships 
have been identified with this pathogen; resistance is conferred by a number of different 
genetic mechanisms and is considered to be quantitatively expressed (Musial et al. 
2005, Irwin et al. 1995).  It could be that the five isolates tested do not represent 
different races of P. medicaginis. This could be confirmed by polymerase chain reaction 91 
 
and sequencing of internal transcribed spacer (ITS) regions or ribosomal DNA as has 
been used previously for determining intra and interspecific variation in Phytophthora 
(Ristaino et al. 1998).  However, based on interactions determined in M. sativa it is 
more likely that the resistance observed in M. truncatula is not race-specific and the 
variation in severity of response to inoculation, particularly by the resistant accessions, 
is more likely to be a function of soil inoculum intensity and variation in pathogenicity. 
 
As with M. sativa, disease resistance to P. medicaginis is more likely to be durable if it 
is not race specific (Irwin et al. 1995, Bretag et al. 2006).  In these cases alternative 
genetic systems can operate within any given cultivar.  PAMPs are elicitors of defence 
response in both susceptible and resistant varieties of host plants that contribute to a 
basal level of resistance (Tyler 2002, Jones and Dangl 2006). In less favourable 
infection conditions, this may result in adequate protection of the plant for survival 
(Tyler 2002).  A wide variety of elicitor molecules, present in all species of 
Phytophthora, are known to trigger defence responses designed to inhibit pathogen 
spread after infection and perceptible disease (Dangl and Jones 2001, Tyler 2002).   
PAMPs are recognised by PRRs which instigate the plants basal defence response. 
Virulent pathogens can overcome this response by specific effectors that can only be 
counteracted by specific plant receptors which elicit the production of R proteins (Jones 
and Dangl 2006).  It is thought that a function of R protein-mediated response is to more 
rapidly activate defence pathways (Dangl and Jones 2001).  However, in situations of 
intense disease pressure even R protein-mediated response can be overcome. 
 
Glasshouse methods of inoculation are designed for optimum incubation conditions for 
both the plant and pathogen to establish a compatible interaction. They are generally 92 
 
more severe than in the field, affecting incidence and severity of the disease, but are 
more reliable for establishing a standard procedure that elucidates consistent results 
(Bretag et al. 2006, Infantino et al. 2006).  Soil inoculation results in a continual and 
cyclical bombardment of inoculum from the pathogen residing on a carbon source 
within the soil.  In this instance this resulted in severe symptoms where any accessions 
without resistance were predisposed to death by pre or post emergence damping-off.  By 
adopting a zoospore inoculation method natural variation in response was more readily 
able to be characterised. Using a single inoculation event enabled a clear observation of 
an effective resistance response compared with susceptibility.  P. medicaginis zoospore 
inoculation of 1-week-old seedlings resulted in reproducible, quantitative, and easily 
differentiated phenotypes among accessions of M. truncatula that ranged from high 
resistance to susceptibility (Figures 3.13, 3.14, 3.17, 3.18, 3.25 and 3.26). These 
phenotypes were comparable with those observed using soil inoculation but were 
reduced in severity and thus easily amenable to accurate assessment.   
 
Two-day-old seedlings exhibited similar responses to 1-week-old seedlings of the same 
accession, but symptoms developed at a faster rate.  By using 1-week-old seedlings, 
ontogenic resistance could lead to the discovery of partial resistance in later growth 
stages, which is beneficial for more stable resistance (Young 1996).  Sources of partial 
resistance to P. sojae are being identified in soybean to complement dominant Rps gene 
resistance and combat the development of P. sojae races that have overcome single 
dominant gene deployment (Dorrance and Schmitthenner 2000).  Also, by using 1-
week-old seedlings, any stunted seedlings that resulted from poor germination could be 
identified and discarded from experimentation, reducing the confounding results of 
predisposition to severe disease due to weakness, which was irrelevant of accession. 93 
 
Generating 100,000 zoospores/plant from P. medicaginis isolate UQ5750 for 
inoculation proved to be unattainable in experiments subsequent to the first zoospore 
inoculation experiment.  However, phenotypes were reproducible and easily 
differentiated at lower levels of inoculum and it was determined that there was no 
significant difference in response to inoculation at levels between 1,000, 10,000 or 
20,000 zoospores/plant (Figures 3.21 and 3.22).  To be assured of maintaining 
consistency even when the P. medicaginis culture fails to produce significant zoospores, 
1,000 zoospores/plant can be confidently used for all subsequent experimentation. 
 
Six accessions of M. truncatula were identified to represent a range of responses to P. 
medicaginis. Highly resistant accession SA8618 exhibited infection lesions only around 
the hypocotyl which were effectively contained and did not affect the development of 
the seedling (Figure 3.27).  Some individuals of resistant accession SA8623 also 
effectively contained the pathogen, but this accession was also prone to some lesion 
development into the lateral roots (Figure 3.27).  Moderate resistance was exhibited by 
accession A17 whose shoot development was minimally affected but whose root mass 
was extensively reduced and lesioned throughout (Figure 3.27).  This was also true of 
accession A20 which was not statistically differentiated but observed to be affected 
more than accession A17, earning it a moderately susceptible tag (Figure 3.28).  Shoot 
and root development of susceptible accessions Borung and SA30199 were severely 
arrested by inoculation with Phytophthora (Figure 3.28). Cessation of leaf production, 
chlorosis and loss of leaves exhibited by these accessions are typical symptoms of root 
pathogen infection, where mechanical and physiological changes to the root system 
affect the plants ability to take up water and nutrients (Robinson and Cahill 2003, 94 
 
Infantino et al. 2006).  The dark lesioned and typically rotted root systems of these two 
accessions restricted root growth to a tap root, with minimal lateral root production. 
 
Here a robust zoospore inoculation method was established in the glasshouse to 
elucidate a variation in response to P. medicaginis in M. truncatula.  Identification of 
novel sources of high to moderate resistance were characterised to allow the study of 
mechanisms underlying the host/pathogen interaction in subsequent chapters.  A 
combination of basal defence and the presence or absence of R proteins in accessions of 
M. truncatula may account for the variations in response to zoospore inoculation.   
Essentially, the development of an M. truncatula/P. medicaginis pathosystem described 
in this chapter will be vital in determining answers to these hypotheses; all the 
associated benefits of using a model plant allows the dissection of molecular 
interactions required for the activation of defence against P. medicaginis and the 
identification of possible R genes that condition these interactions. 95 
 
4  CHAPTER 4 – MAPPING PHYTOPHTHORA MEDICAGINIS 
RESISTANCE IN MEDICAGO TRUNCATULA. 
 
4.1  INTRODUCTION 
Most disease resistance traits are complex and oligogenic; they do not manifest as 
simple Mendelian inheritance and are affected by multiple genetic and environmental 
interactions (Young 1996, Salvi and Tuberosa 2005).  Classical quantitative or 
statistical genetics allows the estimation of the number of relevant loci involved in a 
complex trait, their action on the trait (e.g. dominance, heterosis or epistasis), their 
heritability and their interaction with the environment (Tanksley 1993, Young 1996).  
However, the action of any one specific locus, the magnitude of its effect and its 
inheritance cannot be determined by statistical genetics (Tanksley 1993, Young 1996, 
Salvi and Tuberosa 2005). 
 
In the autotetraploid M. sativa, resistance to P. medicaginis is conferred by a number of 
different genetic mechanisms depending on the population source and is considered to 
be quantitatively expressed (Irwin et al. 1995, Musial et al. 2005).  Lu et al. (1973) and 
Irwin et al. (1981a) determined that resistance was a recessive trait, identifying single 
genes that conditioned susceptibility to P. medicaginis by either incomplete dominance 
or complex inheritance. In other populations of diploid and tetraploid M. sativa, two 
complementary but independently segregating genes, which are either incompletely 
dominant (Pm1 and Pm2) or dominant (Pm5 and Pm6), confer resistance to P. 
medicaginis (formerly P. megasperma) (Irwin et al. 1981a, 1981b).  In M. falcata, 
Havey and Maxwell (1987) showed that two independently segregating loci for 
resistance (Pm3 and Pm4) were also dominant and that in test-cross populations, these 96 
 
were inherited independently from each other and from either one or both of Pm1 and 
Pm2. The chromosomal locations of these genes remain unresolved in M. sativa.  
 
Identifying specific loci involved in complex traits and their chromosomal locations can 
be effectively achieved by quantitative trait locus (QTL) mapping.  Based on the use of 
linked DNA markers, QTL mapping facilitates the identification of individual loci that 
affect the same trait, quantifies the effect of each locus and analyses the interaction 
between the alleles and between the alleles and the environment (Tanksley 1993, Young 
1996).  Using QTL mapping the identification of molecular markers associated with 
typically oligogenic quantitative traits, such as disease resistance, underlies the benefits 
of marker assisted selection.  Identifying reliable markers of resistance means breeders 
are no longer seasonally restricted or have to depend on the presence of a pathogen to 
screen large numbers of plants for resistance (Mohan et al. 1997), leading to 
considerable potential future benefit in improvement of resistance breeding. 
Importantly, with the development of linkage maps and genomic sequencing, QTL 
mapping allows researchers to define chromosome location, matching QTL with 
annotated gene assemblies to effectively isolate and clone the genes of interest (Salvi 
and Tuberosa 2005). In another population of M. sativa, three QTLs located on three 
different linkage groups were identified and explained 6-15% of phenotypic variation 
(Musial et al. 2005).  The authors determined the molecular markers associated with 
these QTLs as useful for marker-assisted selection of partial resistance to P. 
medicaginis to begin molecular based improvement of M. sativa.   
 
The aim of this chapter was to determine the genetic basis of resistance to P. 
medicaginis in M. truncatula and to genetically map the chromosomal position of genes 97 
 
or QTLs associated with this resistance.  With this information a candidate gene 
approach could be utilised to determine which candidate genes in the model genome co-
localise with the resistance trait locus (Salentijn 2007).  The identification of these 
candidate genes can be validated through functional genomics tools developed for M. 
truncatula and ultimately compared or translated to other affected legumes such as M. 
sativa and chickpea through comparative mapping and marker assisted selection or 
map-based cloning and genetic modification. 
 
 
4.2  MATERIALS AND METHODS 
4.2.1  Generation of Medicago truncatula populations segregating for resistance to 
Phytophthora medicaginis. 
All cross pollinations were performed according to the manual crossing procedure 
outlined in Thouquet et al. (2002). Small wax-paper “envelopes” approximately 5 cm
3 
sealed with surgical tape were used to cover the cross pollinated flower instead of 
plastic vials. Attempts were made to cross-pollinate highly Phytophthora-resistant 
parental line SA8618, resistant parental line SA8623 and moderately resistant parental 
line A17, with Phytophthora-susceptible parental lines Borung and SA30199 and 
moderately susceptible parental line A20 in various reciprocal combinations. 
 
The mature pods resulting from the crosses were dried at 38 
oC for 2 weeks before seeds 
were removed from the pods and germinated (Chapter 2.2).  Approximately 100 mg of 
leaf tissue was collected from seedlings for DNA extraction (Chapter 2.8) to confirm 
their hybrid nature.  This was done by using three microsatellite markers described by 98 
 
Baquerizo-Audiot et al. (2001) which show size polymorphisms of approximately 20 
base pairs or more in difference between the parental lines (Table 4.1 Figure 4.1).   
Amplification reactions were performed in a final volume of 20 μL according to the 
specifications in Chapter 2.9. The PCR was carried out using an Eppendorf 
Mastercycler gradient thermal cycler using the following amplification programme: an 
initial denaturation of 3 minutes at 94 
oC, 36 cycles of denaturation at 94 
oC for 30 
seconds, annealing at the optimised temperature for each primer pair (Table 4.1) for 30 
seconds and extension at 72 
oC for 80 seconds, followed by a final extension time of 5 
minutes at 72 
oC before termination of the PCR at 10 
oC.  Ten microlitres of PCR 
product was loaded onto a 3% agarose gel and run in TBE buffer (1X) for 1.5 hours at 
80 volts.  Bands were visualised under UV light after staining with ethidium bromide 
(0.1 μL/mL). True F1 hybrids were grown for the production of F2 populations.   
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Table 4.1: Amplification products of six parental lines of Medicago truncatula using 
three microsatellite markers.  (Baquerizo-Audiot et al. 2001, Ellwood et al. 2006). 
 
Marker Repeat  Motif 
Optimum 
annealing 
temperature 
Product Size (base pairs) for each parental line 
     A17 SA8618 SA8623  A20  Borung  SA30199 
MTSA5 (TC)9 51 
oC 247  241  249  259  245 253 
MTR58 (TTG)5TT(AG)12 54 
oC 167  157  157  182  157 174 
MAA660456 (TTC)8 54 
oC 125  93  122  93  102  99 
 
 
 
 
 
Figure 4.1: Example of true F1 hybrids resulting from the cross pollination between 
highly  Phytophthora resistant (SA8618) and susceptible (SA30199) Medicago 
truncatula parental lines.  PCR products of marker MTR58 visualised on a 3% agarose 
gel stained with ethidium bromide after electrophoresis for 1.5 hours at 80V in 1X TBE. 
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Two reciprocal F2 populations were produced for genetic analysis; a reciprocal cross 
between accessions A17 (moderately resistant) and Borung (susceptible) and a 
reciprocal cross between accession SA8618 (highly resistant) and SA30199 
(susceptible).  Opportunistically, collaborators from the Plant Industry Division at the 
Commonwealth Scientific and Industrial Research Organisation (CSIRO) in Perth, 
Western Australia, had produced F2 and F3 populations from an A17 X A20 cross for 
other pathogen interaction studies.  Since these were two parental lines differing in 
resistance to P. medicaginis we were kindly supplied with A17 X A20 F2 and F3 seeds 
to evaluate their response to P. medicaginis. 
 
4.2.2  Evaluation of response to Phytophthora medicaginis by Medicago truncatula 
populations segregating for resistance.  
Experiment 1 was to evaluate the response to P. medicaginis of F2 populations derived 
from the reciprocal crosses A17 X Borung and Borung X A17. Fifty F2 individuals from 
each population were planted into three seedling trays, each with 42 cells, in a 
completely random block design.  In Experiment 2, the response to P. medicaginis of F2 
populations derived from the reciprocal crosses SA8618 X SA30199 and SA30199 X 
SA8618 was evaluated.  Seventy five F2 individuals from each population were planted 
similarly into four seedling trays.  In each tray (block) was also planted two seedlings 
each of the parental accessions as standard controls with which to compare the 
responses observed in the F2 population.  
 
In another experiment (Experiment 3) with a randomised block design, 46 F2 
individuals and 16 seedlings each from 30 F3 families all derived from the cross A17 X 
A20, were evenly distributed between ten seedling trays (blocks), each with 56 cells. In 101 
 
each block was also planted one seedling each of the parental accessions as standard 
controls. The seedling preparation and planting procedure for all three experiments were 
as according to Chapter 2.2.  In all experiments, seedlings that failed to germinate or 
were stunted were removed from the experiments prior to inoculation. 
 
Zoospore inoculum preparation and inoculation procedures were performed according 
to Chapter 2.5 and 2.6 using 1000 zoospores per plant of P. medicaginis isolate UQ5750 
for Experiments 1 and 2 or 5000 zoospores per plant for Experiment 3. To ensure there 
was enough leaf material to collect from each individual for DNA extraction, zoospore 
inoculation was performed on 2-week-old seedlings rather than 1-week-old seedlings as 
described in Chapter 3.  An independent experiment determined that the parental lines 
response to zoospore inoculation of 2-week-old seedlings was similar to 1-week-old 
seedlings (data not shown).  
 
The proportion of dead or chlorotic leaves (including cotyledons) was scored for each 
seedling over three weeks for Experiments 1 and 2 or over four weeks for Experiment 3.  
At the end of each experiment seedlings were removed, washed and dried between 
paper towels before weighing the root fresh weight.  Roots of each of the parental line 
seedlings and any seedlings that did not appear to be infected were surface sterilised and 
plated onto Phytophthora selective agar to confirm infection by the pathogen (Chapter 
2.7) in order to exclude infection ‘escapees’.  ANOVA using JMP version 5.1 (SAS 
Institute) was used to compare the responses between parental accessions. The Shapiro-
Wilk test, also within JMP, was used to determine if the frequency distribution of the 
populations for a given trait fitted a normal distribution.  Pearsons Chi Square test was 
performed to determine if a 3:1 phenotypic ratio was exhibited in the F2 populations. 102 
 
Variance component estimates were calculated for the F3 population in Experiment 3 
using the EMS (Expected means square) method, to determine the genetic and 
environmental contributions to the observed variance of each trait. 
 
4.2.3  Identification of polymorphic DNA markers 
DNA was extracted from each of the six M. truncatula parental lines according to the 
procedures in Chapter 2.8.  DNA was amplified by PCR to screen for size polymorphic 
markers using oligonucleotide primers based on M. truncatula micro-satellites.  These 
were sourced from Choi et al. (2004a) Gutierrez et al. (2005) and Mun et al. (2006) or 
the  Medicago website (http://medicago.org/genome/downloads/) 273 markers were 
selected on the basis of their even distribution covering the known length of each of the 
M. truncatula linkage groups (Choi et al. 2004a; Mun et al. 2006) (Appendix B – Table 
4.1). 
 
Amplification reactions were performed in a final volume of 12.5 μL according to the 
specifications in Chapter 2.9.  The PCR was carried out using an Eppendorf 
Mastercycler gradient thermal cycler.  After an initial denaturation of 2 minutes at 94
oC, 
40 cycles of denaturation at 94 
oC for 30 seconds, annealing at 55 
oC for 30 seconds and 
extension at 72 
oC for 60 seconds, was followed by a final extension time of 5 minutes 
at 72 
oC before termination of the PCR at 10 
oC.  Ten μL of PCR product was loaded 
onto a 3% agarose gel and run in TBE buffer (1X) for 2.5 hours at 80 volts.  Bands were 
visualised under UV light after staining with ethidium bromide (0.1 μL/mL) (Figure 
4.2).   103 
 
 
Figure 4.2: Example of screening four different Medicago SSR markers on six parental 
accessions of Medicago truncatula to detect fragment size (length) polymorphisms. 
 
 
Figure 4.3: Example of marker genotype analysis on F2 progeny of a parental cross 
between Medicago truncatula accessions A17 and Borung using marker h2_15m24a. H 
– heterozygote genotype, A – parental genotype A17, B – parental genotype Borung. 
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4.2.4  Genotyping and linkage analysis of the Medicago truncatula A17 and 
Borung reciprocal F2 populations. 
DNA was extracted as described in Chapter 2.8 from individuals of the F2 populations 
of the reciprocal crosses between M. truncatula accessions A17 and Borung.  To ensure 
specific binding and clear PCR amplification products, double the primer concentration 
(10  μM) of polymorphic markers was used with the same protocol as described for 
parental screening (Section 4.2.3) to amplify the DNA of the F2 populations.  11 
markers from linkage groups four and eight were genotyped by Lars Kamphuis for 
additional information towards the publication of the manuscript Kamphuis et al. 
(2006). To determine the individual genotypes, the PCR products of the F2 progeny 
were aligned with homozygous parental PCR products for gel electrophoresis.   
Genotypes were recorded as “A” – homozygous (A17), “B” – homozygous (Borung), 
“H” – heterozygous and “-” for missing data (Figure 4.3). 
 
A linkage map based on data from 99 F2 progeny was constructed using Multipoint 
version 1.2 (Institute of Evolution, Haifa University, Haifa, Israel; 
http://www.multiqtl.com)  with the Kosambi mapping function and a maximum 
recombination fraction (rf) of 0.3.  Pearson Chi-square analysis was applied to 
determine if co-dominant markers deviated from the expected Mendelian segregation 
ratio of 1:2:1 for an F2 population.  Values greater than 5.99 (P<0.05) indicated 
segregation distortion.  Marker order and map distances were determined using jack-
knife re-sampling at 5000 iterations.  Control of monotony was used to detect markers 
that deviated from the expected increase in rf compared with the next nearest marker. 
These unresolved markers were removed and then re-attached to the side of the linkage 
group according to the interval of best fit.   105 
 
 
4.2.5  QTL analysis of the Medicago truncatula A17 and Borung reciprocal F2 
populations. 
QTL analysis was performed using the general interval mapping function of MultiQTL 
version 2.5 (Institute of Evolution, Haifa University, Haifa, Israel; 
http://www.multiqtl.com).  Unresolved markers were not included in the analysis and in 
instances where markers co-segregated only one marker was included in the analysis.  
The effects on resistance to P. medicaginis of a single locus and two linked loci were 
examined.  Two quantitative measurements of resistance were analysed - proportion of 
dead/chlorotic leaves and root fresh weight. Arcsine transformed values for the 
proportion of dead/chlorotic leaves were also assessed.   
 
Data was analysed similarly to Lichtenzveig et al. (2006) and Peng et al. (2003).  Using 
maximum likelihood methods 5000 permutations were computed to test the hypothesis 
that one locus (H1) or two linked loci (H2) on a chromosome have an effect on the 
disease resistance versus the null hypothesis (H0) that they have no effect on the disease 
resistance. In the case of a significant LOD score indicating two linked loci, the 
hypothesis that H2 was significantly different to H1 was then computed by 5000 
permutations.  
 
Based on the proportion of total trait variance explained, a genetic model was 
subsequently fitted to the detected QTL.  The default simple model assuming equal 
residual variance was compared to a general model which assumes unequal residual 
variance using 5000 permutations.   If the models differed significantly (P<0.05) the 
model with the highest LOD score was chosen, otherwise the simple model was chosen. 106 
 
Once the genetic model for the QTL was defined, 5000 bootstrap combinations were 
calculated to obtain the estimates and standard deviations for the LOD score, proportion 
of explained variability (PEV), position of the QTL and the effect of the locus. 
 
 
4.3  RESULTS 
4.3.1  Generation of Medicago truncatula populations segregating for resistance to 
Phytophthora medicaginis. 
To determine the genetic basis of resistance to P. medicaginis in M. truncatula, cross 
pollinations between P. medicaginis resistant and susceptible accessions of M. 
truncatula were performed to produce populations segregating for resistance. Table 4.2 
summarises the success rates of attempted crossings between the various resistant and 
susceptible accessions.  Reciprocal crosses between accessions A17 and Borung were 
the most successful, resulting in 67% viability of hybrid F1 seed, all of which resulted 
in the successful production of F2 populations with sufficient seed for further 
assessment (Table 4.2).  These populations were phenotyped and genotyped for the 
production of a linkage map and further QTL analysis. 
 
The least successful attempts at reciprocal crosses were those involving accession 
SA8618.  The percentage of viable hybrid F1 seed obtained from crosses between 
SA8618 and Borung was 17% (Borung X SA8618) and 60% (SA8618 X Borung), but 
none of the seeds that germinated resulted in F2 populations with sufficient seed for 
further assessment (Table 4.2).  The percentage of viable hybrid F1 seed obtained from 
crosses between SA8618 and A20 was 0% (SA8618 X A20) and 50% (A20 X SA8618).  107 
 
Two F2 populations with sufficient seed for further assessment were able to be generated 
from the A20 X SA8618 cross (Table 4.2).  Reciprocal crosses SA8618 X SA30199 and 
SA30199 X SA8618 resulted in 38% and 10% viable hybrid F1 seed respectively (Table 
4.2).  Six successful F2 populations with sufficient seed for further assessment were able 
to be generated from the SA8618 X SA30199 cross and one was produced from the 
single viable seed obtained from a SA30199 X SA8618 cross (Table 4.2). 
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Table 4.2: Observations of success rates of attempted cross pollinations between different accessions of Medicago truncatula.  SA8618 - Highly 
resistant, SA8623 - Resistant, A17 - Moderately Resistant, A20 - Moderately Susceptible, Borung and SA30199 – Susceptible.  
Medicago truncatula 
accessions crossed 
(♀ X ♂) 
No. of  
crossing 
attempts 
No. of  
successful 
pods 
% of successful 
pods per crossing 
attempt 
Average No. 
seeds per 
pod 
Attempted  
germinations 
Viable  
F1 seed 
% of viable 
hybrid F1 seed 
per germination 
attempt 
No. of F2 
populations 
produced with 
sufficient F2 seed 
for assessment 
% of viable hybrid F1 
seed resulting in 
sufficient F2 seed for 
assessment 
A17 X A20  2  2  100%  7  8  3  38%  3  100% 
A20 X A17  Not 
attempted                
A17 X Borung  2  1  50%  6  3  2  67%  2  100% 
Borung X A17  3  2  67%  3  3  2  67%  2  100% 
A17 X SA30199  1  0  0%             
SA30199 X A17  1  1  100%  5  3  1  33%  1  100% 
SA8618 X A20  6  2  33%  1  2  0  0%     
A20 X SA8618  5  2  40%  6  8  4  50%  2  50% 
SA8618 X Borung  5  2  40%  5  5  3  60%  0  0% 
Borung X SA8618  8  4  50%  2  6  1  17%  0  0% 
SA8618 X SA30199  8  5  63%  7  24  9  38%  6  67% 
SA30199 X SA8618  3  2  67%  5  10  1  10%  1  100% 
SA8623 X A20  3  2  67%  6  9  3  33%  3  100% 
A20 X SA8623  2  2  100%  4  4  1  25%  1  100% 
SA8623 X Borung  1  0  0%             
Borung X SA8623  5  5  100%  4  11  0  0%     
SA8623 X SA30199  2  1  50%  4  4 2  50%  2  100% 
SA30199 X SA8623  Not 
attempted                109 
 
4.3.2  Evaluation of response to Phytophthora medicaginis by Medicago truncatula 
populations segregating for resistance.  
4.3.2.1  Medicago truncatula A17 and Borung reciprocal F2 populations 
The frequency distributions for the proportion of dead/chlorotic leaves and root fresh 
weight in response to P. medicaginis inoculation were similar between the F2 
generations obtained from a reciprocal cross between M. truncatula accessions A17 and 
Borung (Figures 4.4 and 4.5).  Both of the A17 X Borung and Borung X A17 F2 
populations showed frequency distributions for the proportion of dead/chlorotic leaves 
that were not normally distributed (PW = <0.0001).  A bi-modal frequency distribution 
was apparent in both populations for this trait along with similar means, standard 
deviation and variance (Figure 4.4, Table 4.3). 
 
The frequency distribution of root fresh weight in response to P. medicaginis 
inoculation was not significantly different from a normal distribution (PW = 0.236) for 
the A17 X Borung F2 population, however a subtle bi-modal observation was observed 
(Figure 4.5). For the Borung X A17 F2 population a bi-modal distribution was evident 
and the frequency distribution was significantly different to a normal distribution (PW = 
0.003) (Figure 4.5).  Similar means, standard deviations and variances were observed 
between the two populations for this trait (Table 4.4).   
 
Given the similarity in responses between the reciprocal populations, their frequency 
distribution responses were combined to compare with the parental responses (Figures 
4.6 and 4.7).  The difference in response between the parental phenotypes was 
significantly different for both the proportion of dead/chlorotic leaves (P = 0.012) and 
root fresh weight (P = <0.0001) and accounted for 62% and 93% of the total variance 110 
 
for the traits respectively (Figures 4.6 and 4.7 and Tables 4.5 and 4.6).  The combined 
F2 population frequency distribution of both traits in response to inoculation was not 
normal (PW <0.05); bi-modal distributions were evident for both the proportion of 
dead/chlorotic leaves and root fresh weight responses (Figures 4.6 and 4.7).  The 
proportion of dead/chlorotic leaves distribution for the combined F2 population was 
within the phenotypic range of the parental response (Figure 4.6, Table 4.5).   
Transgressive segregation was evident in the distribution of root fresh weight response 
for the combined F2 population, which extends beyond the range of the parental 
response (Figure 4.7).   
 
Pearsons chi square analysis indicated there was a 3:1 ratio of resistance to 
susceptibility among the F2 progeny, for both the proportion of dead/chlorotic leaves 
(P=0.65) and root fresh weight (P=0.26) in response to P. medicaginis inoculation 
(Appendix B - Figure 4.1). In these instances resistance was arbitrarily assigned to be 
equal to or less than 0.5 for the proportion of dead/chlorotic leaves and equal to or 
greater than 0.6g for root fresh weight. 
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Figure 4.4: Comparison of the frequency distributions of the proportion of 
dead/chlorotic leaves in response to Phytophthora medicaginis inoculation between F2 
populations derived from reciprocal crosses between Medicago truncatula accessions 
A17 and Borung (n(A17XBorung) = 49, n(BorungXA17) = 50). 
 
 
 
Table 4.3: Parameters of the frequency distributions of the proportion of dead/chlorotic 
leaves in response to Phytophthora medicaginis inoculation between F2 populations 
derived from reciprocal crosses between Medicago truncatula accessions A17 and 
Borung (n(A17XBorung) = 49, n(BorungXA17) = 50).  Shapiro-Wilks test (PW < 0.05) indicates a 
distribution is significantly different from normal. 
 
Population Mean  SD  Variance  PW 
A17 X Borung  0.48 0.23  0.052  <0.0001 
Borung X A17  0.57 0.26  0.068  <0.0001 
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Figure 4.5: Comparison of the frequency distributions of the root fresh weight in 
response to Phytophthora medicaginis inoculation between F2 populations derived from 
reciprocal crosses between Medicago truncatula accessions A17 and Borung 
(n(A17XBorung) = 49, n(BorungXA17) = 50). 
 
 
 
Table 4.4: Parameters of the frequency distributions of the root fresh weight in response 
to  Phytophthora medicaginis inoculation between F2 populations derived from 
reciprocal crosses between Medicago truncatula accessions A17 and Borung 
(n(A17XBorung) = 49, n(BorungXA17) = 50).  Shapiro-Wilks test (PW  < 0.05) indicates a 
distribution is significantly different from normal. 
 
Population  Mean 
(g)  SD Variance  PW 
A17 X Borung  0.85 0.49  0.24  0.236 
Borung X A17  0.80 0.55  0.30  0.003 
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Figure 4.6: Frequency distribution of the proportion of dead/chlorotic leaves in an F2 
population (n = 99) obtained from reciprocal crosses between Medicago truncatula 
accessions A17 and Borung in response to inoculation with Phytophthora medicaginis.  
Vertical arrows and horizontal lines represent the mean and SD respectively of the 
parental accessions (n(A17) = 3, n(Borung) = 6) in response to inoculation.  
 
 
 
Table 4.5: Parameters of the frequency distribution of the proportion of dead/chlorotic 
leaves of Medicago truncatula in response to Phytophthora medicaginis inoculation for 
parental accessions A17 (n = 3) and Borung (n = 6) and the F2 progeny (n = 99) 
obtained from reciprocal crosses between these parental accessions.  Shapiro-Wilks test 
(PW < 0.05) indicates a distribution is significantly different from normal. 
 
Generation Mean  SD  Variance  PW 
Parental A17  0.233 0.15  0.023  - 
Parental Borung  0.697 0.21  0.044  - 
F2 progeny  0.523 0.25  0.061  <0.0001 
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Figure 4.7: Frequency distribution of the root fresh weight in an F2 population obtained 
from reciprocal crosses between Medicago truncatula accessions A17 and Borung in 
response to inoculation with Phytophthora medicaginis.  Vertical arrows and horizontal 
lines represent the mean and SD respectively of the parental accessions (n(A17) = 3, 
n(Borung) = 6) in response to inoculation.  
 
 
 
Table 4.6: Parameters of the frequency distribution of the root fresh weight of Medicago 
truncatula in response to Phytophthora medicaginis inoculation for parental accessions 
A17 (n = 3) and Borung (n = 6) and the F2 progeny (n = 99) obtained from reciprocal 
crosses between these parental accessions.  Shapiro-Wilks test (PW < 0.05) indicates a 
distribution is significantly different from normal. 
 
 
Generation Mean  SD  Variance  PW 
Parental A17  1.00 0.09  0.009  - 
Parental Borung  0.20 0.13  0.016  - 
F2 progeny  0.82 0.52  0.265  <0.0001 
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4.3.3  Medicago truncatula SA8618 and SA30199 reciprocal F2 populations 
The difference in response to P. medicaginis inoculation between the parental 
accessions SA30199 (n = 8) and SA8618 (n = 6) was significantly different for both 
dead/chlorotic leaves (P = <0.0001) and root fresh weight (P = 0.0007) and accounted 
for 88.5% and 84.8% of the total variance for the traits respectively (Figures 4.8 and 
4.9, Tables 4.7 and 4.8).  
 
The frequency distributions of both traits in response to P. medicaginis inoculation 
observed for the F2 generations derived from reciprocal crosses between SA30199 and 
SA8618 were not similar (Figures 4.8 and 4.9, Tables 4.7 and 4.8).  Neither of the 
populations responses for the proportion of dead/chlorotic leaves fitted a normal 
distribution (PW<0.05). The SA30199 X SA8618 F2 population showed a bi-modal 
distribution with a large variance.  The frequency distribution of the SA8618 X 
SA30199 F2 population was positively skewed i.e. observations are concentrated to the 
left of the distribution with a tail extending to the right resulting in a mean that is greater 
than the median score (Figure 4.8 Table 4.7). The mean of the SA8618 X SA30199 F2 
population deviates from the mid-parental value towards the mean of the maternal 
resistant parent SA8618 (Table 4.7); 75% of the F2 progeny had less than 30% of leaves 
that were dead or chlorotic.  
 
The mean and variance of root fresh weight in response to P. medicaginis inoculation 
were also different between the two F2 populations (Figure 4.9, Table 4.8). For the 
SA8618 X SA30199 F2 population the distribution of root fresh weight was normal (PW 
= 0.22).  It was not normal (PW = <0.0001) for the SA30199 X SA8618 F2 population 
(Figure 4.9, Table 4.8).  The frequency distribution for the SA30199 X SA8618 F2 116 
 
population was positively skewed towards the mean of the maternal parent SA30199 
(Figure 4.9); 75% of the F2 progeny had a root fresh weight of less than 0.86g after 
inoculation with P. medicaginis.  Phenotypes of the parental character extremes and the 
quantitative range of response exhibited by the F2 progeny are shown in Figure 4.10. 
 
Pearsons chi square analysis indicated there was a 3:1 ratio of resistance to 
susceptibility among the F2 progeny of the SA8618 X SA30199 population, for root 
fresh weight (P = 0.71) in response to P. medicaginis inoculation (Appendix B - Figure 
4.2). A 3:1 ratio was not evident for root fresh weight among the F2 progeny of the 
SA30199 X SA8618 F2 population (P < 0.0001) or for the proportion of dead/chlorotic 
leaves in either population (P = 0.02 and P < 0.0001 respectively) (Appendix B - Figure 
4.2).  Resistance was arbitrarily assigned to be equal to or less than 0.5 for the 
proportion of dead/chlorotic leaves and equal to or greater than 0.6g for root fresh 
weight. 
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Figure 4.8: Comparison of the frequency distributions of the proportion of 
dead/chlorotic leaves in response to Phytophthora medicaginis inoculation between F2 
populations derived from reciprocal crosses between Medicago truncatula accessions 
SA8618 and SA30199 (n(SA8618xSA30199) = 61, n(SA30199XSA8618) = 71). Vertical arrows and 
horizontal lines represent the mean and SD respectively of the parental accessions 
(n(SA8618) = 6, n(SA30199) = 8) in response to inoculation.  
 
 
Table 4.7: Parameters of the frequency distributions of the proportion of dead/chlorotic 
leaves in response to Phytophthora medicaginis inoculation between F2 populations 
derived from reciprocal crosses between Medicago truncatula accessions SA8618 and 
SA30199 (n(SA8618xSA30199) = 61, n(SA30199XSA8618) = 71).  Shapiro-Wilks test (PW < 0.05) 
indicates a distribution is significantly different from normal. 
 
Generation Mean  SD  Variance  PW 
Parental SA8618  0.12 0.04  0.002  - 
Parental SA30199  0.83 0.18  0.031  - 
F2 progeny 
SA8618 X SA30199  0.28 0.22  0.047  <0.0001 
F2 progeny 
SA30199 X SA8618  0.52 0.35  0.124  <0.0001 
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Figure 4.9: Comparison of the frequency distributions of root fresh weight in response 
to  Phytophthora medicaginis inoculation between F2 populations derived from 
reciprocal crosses between Medicago truncatula accessions SA8618 and SA30199 
(n(SA8618xSA30199) = 61, n(SA30199XSA8618) = 71). Vertical arrows and horizontal lines 
represent the mean and SD respectively of the parental accessions (n(SA8618) = 6, 
n(SA30199) = 8) in response to inoculation.  
 
Table 4.8: Parameters of the frequency distributions of the root fresh weight in response 
to  Phytophthora medicaginis inoculation between F2 populations derived from 
reciprocal crosses between Medicago truncatula accessions SA8618 and SA30199 
(n(SA8618xSA30199) = 61, n(SA30199XSA8618) = 71).  Shapiro-Wilks test (PW < 0.05) indicates a 
distribution is significantly different from normal. 
 
Generation Mean  SD  Variance  PW 
Parental SA8618  2.42 0.77  0.596  - 
Parental SA30199  0.17 0.13  0.016  - 
F2 progeny 
SA8618 X SA30199  1.13 0.59  0.353  0.220 
F2 progeny 
SA30199 X SA8618  0.62 0.53  0.278  <0.000
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Figure 4.10: Quantitative phenotypic responses to Phytophthora medicaginis 
inoculation among F2 progeny (middle seedlings) of a cross between a highly resistant 
accession of Medicago truncatula SA8618 (far left), and susceptible accession 
SA30199 (far right). A: Proportion (percentage) of dead/chlorotic leaves. B: Root fresh 
weight (g) in response to P. medicaginis four weeks post inoculation with 1000 
zoospores per plant. 
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4.3.3.1   Medicago truncatula A17 X A20 F2 and F3 populations 
There was no significant difference between parental responses to inoculation with P. 
medicaginis for the proportion of dead/chlorotic leaves (P>0.05, R
2 = 0.12), although 
the trend in response was for more dead or chlorotic leaves on the moderately 
susceptible A20 parental accession (Figure 4.11 Table 4.9).  The parental accessions did 
significantly differ (P<0.05) in their response to inoculation with P. medicaginis for root 
fresh weight, explaining 25% (R
2 value) of the variation (Figure 4.12 Table 4.10).   
 
In the F2 generation the frequency distributions were normal (PW>0.05) and within the 
ranges of the parental responses for both traits.  In the F3 generation neither of the 
frequency distributions for the response traits was normal.  The frequency distribution 
for the proportion of dead/chlorotic leaves was bi-modal and for root fresh weight it was 
positively skewed with a larger variance manifesting as transgressive segregation 
(Figures 4.11 and 4.12).  There was a significant difference (F <0.0001) in the between-
families and within-families variance of the expected means squared model for both 
dead/chlorotic leaves and root fresh weight responses (explaining 31.2% and 29.8% of 
the variance respectively). But, over 76% of the observed variance components for both 
traits were due to other residual environmental factors and not to a genetic component 
(Table 4.11).  
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Figure 4.11: Comparison of the frequency distributions of the proportion of 
dead/chlorotic leaves in response to Phytophthora medicaginis inoculation between F2 
(n = 31) and F3 populations (n(families) = 30, n(individuals) = 397) of Medicago truncatula 
obtained from an A17 X A20 cross.  Vertical arrows and horizontal lines represent the 
mean and SD respectively of the parental accessions (n(A17) = 10, n(A20) = 9) in response 
to inoculation.  
 
 
Table 4.9: Parameters of the frequency distributions of the proportion of dead/chlorotic 
leaves in response to Phytophthora medicaginis inoculation for Medicago truncatula 
parental accessions A17 (n = 10) and A20 (n = 9) and F2 (n = 31) and F3 (n(families) = 30, 
n(individuals) = 397) populations derived from a single cross pollination event. Shapiro-
Wilks test (PW < 0.05) indicates a distribution is significantly different from normal. 
 
Generation Mean  SD  Variance  PW 
Parental A17  0.51 0.24  0.060  - 
Parental A20  0.67 0.21  0.046  - 
F2 progeny  0.52 0.25  0.062  0.311 
F3 progeny  0.56 0.27  0.071  <0.0001 
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Figure 4.12: Comparison of the frequency distributions of the root fresh weight in 
response to Phytophthora medicaginis inoculation between F2 and F3 populations of 
Medicago truncatula obtained from an A17 X A20 cross. Vertical arrows and horizontal 
lines represent the mean and SD respectively of the parental accessions (n(A17) = 10, 
n(A20) = 9) in response to inoculation.  
 
 
Table 4.10: Parameters of the frequency distributions of the root fresh weight in 
response to Phytophthora medicaginis inoculation for Medicago truncatula parental 
accessions A17 (n = 10) and A20 (n = 9) and F2  (n = 31) and F3 (n(families) = 30, 
n(individuals) = 397) populations derived from a single cross pollination event. Shapiro-
Wilks test (PW < 0.05) indicates a distribution is significantly different from normal. 
 
Generation Mean  SD  Variance  PW 
Parental A17  0.47 0.26  0.065  - 
Parental A20  0.22 0.20  0.041  - 
F2 progeny  0.40 0.28  0.079  0.107 
F3 progeny  0.41 0.37  0.139  <0.0001 
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Table 4.11: Variance component estimates of the expected means squared model for 
response to Phytophthora medicaginis inoculation by F3 families of Medicago 
truncatula cross A17 X A20. 
 
 
Proportion of 
dead/chlorotic leaves  Root fresh weight 
F Value  <0.0001 <0.0001 
R
2 Value  0.312 0.298 
 
Variance 
component 
estimate 
Percentage 
of total 
Variance 
component 
estimate 
Percentage 
of total 
Family & 
Random  0.0168 23.88  0.031 23.60 
Residual  0.0534 76.12  0.101 76.41 
Total  0.0702 100.00  0.133  100.0 
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4.3.4  Genotyping and linkage analysis of the Medicago truncatula F2 populations 
derived from reciprocal crosses between accessions A17 and Borung. 
273 microsatellite-based markers were screened for size polymorphisms between 
parental accessions A17 and Borung (Appendix B – Table 4.1).  42 primer pairs 
(15.4%) failed to amplify the DNA of one or both of the parental accessions, using the 
general methods described.  Of the 231 primer pairs that did amplify the DNA of both 
parental accessions, the amplicons of 134 co-dominant markers (58.0%) were 
determined to be size polymorphic.  In some instances degraded primers and minimal 
base pair differences between amplicons resulted in difficulties distinguishing 
genotypes of the individuals within the F2 population. Thus, a genetic linkage map was 
constructed using 84 of the co-dominant size polymorphic microsatellite-based markers 
(Appendix B - Table 4.2) with an F2 population of 99 individuals derived from 
reciprocal crosses of the M. truncatula parental accessions A17 and Borung (Figure 
4.13).   
 
The map encompassed seven linkage groups, with LG4 and LG8 combining to form a 
single linkage group, reflecting the documented translocation in M. truncatula accession 
A17 (Kamphuis et al. 2007).  The total span of the map is 519.3cM, with an average 
distance between markers of 8.7cM.  The largest distance between markers is 33.3 cM 
on LG5 between markers h2_32p10fr1 and h2_85n3a (Figure 4.13).  The majority of 
markers segregated in a 1:2:1 ratio as expected for co-dominant markers in an F2 
population. However, 20 markers (23.8%) showed segregation distortion (χ2(2, 0.05) > 
5.99).  Markers with segregation distortion included all of the markers on LG3, a region 
of approximately 50 cM in the combined section of LG4/8 where 12 of 17 markers were 
distorted and an individual marker each on LG1 and LG7 (Figure 4.13).  All of these 125 
 
markers had the expected frequency of heterozygous individuals but exhibited an excess 
of the homozygous Borung allele and consequently a lack of the homozygous A17 
allele.   126 
 
 
Figure 4.13: A genetic map of Medicago truncatula derived from an F2 population of 99 
individuals generated by reciprocal cross pollination events between accessions A17 
and Borung. 84 co-dominant, length polymorphic microsatellite-based markers were 
used for construction of the map. Marker identifications are placed to the left of the 
linkage groups.  Numbers to the right of the linkage groups indicate cM position. Where 
marker order could not be resolved they were placed to the right of the cM positions 
near the interval of best fit.  Markers that showed segregation distortion (χ2 (2, 0.05) > 
5.99) with an excess of Borung alleles are identified with a diamond.  
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4.3.5  QTL analysis of the Medicago truncatula F 2 populations derived from 
reciprocal crosses between accessions A17 and Borung  
A QTL having a major effect on resistance to P. medicaginis was located at the bottom 
of LG6 by applying a general interval mapping method (Figure 4.14).  a QTL with a 
significant effect (LOD = 12.6, P = 0.008) on the proportion of dead/chlorotic leaves 
was located within a 15cM region between markers h2_166b10a and h2_6b10a based 
on a single locus/single trait model of unequal residual variance. This QTL explained 
69.5% of the phenotypic variance for this trait. A QTL with a significant effect (LOD = 
9.44, P = 0.0001) for root fresh weight was located in the same area using a single 
locus/single trait model of equal residual variance.  This QTL, between markers 
h2_25n14a and h2_6b10a, explained 38.1% of the variance in root fresh weight.  The 
effects on resistance to P. medicaginis of these QTLs were 27.5% less dead/chlorotic 
leaves and 0.86 g more root fresh weight respectively.   
 
It was also determined that linked QTLs with a significant effect were present on both 
LG2 and LG6 using a two-linked loci/single trait model of unequal residual variance.  
On LG2 two linked QTLs having a significant (LOD = 16.4 P = 0.0002) but smaller 
effect on the proportion of dead/chlorotic leaves, were putatively located between 
markers h2_154b3d and h2_11f14b and h2_12c11g and h2_8c19d (Figure 4.15).  The 
opposite effects of these linked QTL explain 23.3% of the observed variance. QTL-2.1 
confers resistance of 12.5% (+17%) less dead leaves, whereas QTL-2.2 enhances 
susceptibility by 6.6% (+19%).  On LG6, two linked QTLs with a significant effect 
(LOD = 21.9 P < 0.00001) on the proportion of dead/chlorotic leaves consist of one 
with a minor effect located between markers h2_168i20a and h2_17e17b (QTL-6.1), 
linked to the QTL having a major effect, located between markers h2_166b10a and 128 
 
h2_25n14a (QTL-6.2) (Figure 4.15).  QTL-6.2 is located in the same region as that 
identified by single QTL analysis.  The effect of the linked QTLs on LG6 explains 
65.6% of the observed variance. QTL-6.1 confers susceptibility, having 7.2% more 
dead/chlorotic leaves in response to infection. QTL 6.2 accounts for the major resistant 
effect of 28.6% less dead/chlorotic leaves in response to P. medicaginis inoculation. No 
linked QTLs were detected that were associated with an effect on root fresh weight. 
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Figure 4.14: Quantitative trait loci associated with resistance to Phytophthora medicaginis 
on Medicago truncatula linkage group 6 determined from F2 individuals (n = 99) obtained 
from reciprocal crosses between accessions A17 and Borung.  Analysis was based on a 
single locus/single trait model of unequal residual variance for the proportion of 
dead/chlorotic leaves (speckled green pattern) or of equal residual variance for the root 
fresh weight (solid blue pattern).  Wider rectangles on the linkage group indicate putative 
marker intervals for the position of each QTL. Similar coloured vertical bars extending 
from the rectangles indicate the standard deviation (cM) of the QTL. Patterns/colours of 
the rectangles correspond to the patterned/coloured box for each trait. 
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Figure 4.15: Linked quantitative trait loci on Medicago truncatula linkage groups 2 and 6 that are associated with the proportion of dead/chlorotic 
leaves response to Phytophthora medicaginis.  Analysis determined on F2 individuals (n = 99) obtained from reciprocal crosses between accessions 
A17 and Borung using a two-linked loci/single trait model of unequal residual variance. QTL are numbered according to linkage group and position 
from top to bottom on the linkage group.  Solid coloured rectangles indicate the putative marker intervals of the QTLs.  The widths of the rectangles 
indicate comparatively the effect each QTL has on the proportion of dead/chlorotic leaves.  Vertical bars extending from the rectangles indicate the 
standard deviation (cM) of the associated QTL.  
 
LG2
h2_154b3d
4.6 h2_11f14b
19.2 h2_11g7a
29.9 h2_12c11g
44.4 h2_8c19d
51.3 h2_138b11a
0
Two linked QTL
QTL 2.1  QTL 2.2
Effect = -0.125  Effect = 0.066
(SD = 0.17) (SD = 0.19)
LOD = 16.4 (SD = 4.8)
PEV = 0.238 (SD = 0.19)
LG6
h2_168i20a
12.0 h2_17e17b
18.3 h2_15c17a
28.6 h2_175h23a
35.0 h2_25f20c
45.3 h2_166b10a
56.9 h2_25n14a
60.0 h2_6b10a
0
Two linked QTL
QTL 6.1  QTL 6.2
Effect = 0.072 Effect = -0.286
(SD = 0.16) (SD = 0.15)
LOD = 21.9 (SD = 4.7)
PEV = 0.656 (SD = 0.32)131 
 
4.4  DISCUSSION  
To determine the genetic basis of resistance to P. medicaginis in M. truncatula, a 
number of F2 populations segregating for resistance were produced by cross pollinations 
between various resistant and susceptible accessions.  Observations of the crosses 
performed for this research support an intrinsic intraspecific incompatibility within the 
M. truncatula collection. There were low percentages of successfully produced F1 pods, 
subsequent low F1 seed viability and in some cases reduced F1 plant fitness resulting in 
the inability to produce F2 seed.  This was especially evident in reciprocal crosses with 
accession SA8618.  Initial cross pollinations were concentrated on those involving this 
highly  Phytophthora-resistant accession. Numerous attempts proved unsuccessful, 
delaying the production of F2 populations.  Subsequent attempts with other accessions 
as well as SA8618 and recording observations of those attempts indicated that accession 
SA8618 was largely incompatible with the susceptible accessions (Table 4.2).  No 
populations were obtained from reciprocal crosses between accession SA8618 and 
Borung.  F2 populations could not be produced reciprocally between SA8618 and A20, 
only with A20 as the maternal parent and it seems only fortuitously that reciprocal 
populations were produced between SA8618 and SA30199; in reciprocal crosses 
between these two accessions F1 seed viability was low and only a single individual of 
an SA30199 X SA8618 cross that germinated resulted in sufficient F2 seed production 
for any further analysis (Table 4.2).  A limited number of attempts at cross pollination 
with late flowering Phytophthora-resistant  M. truncatula accession SA8623, also 
indicated a possible incompatibility with accession Borung; five of five attempted cross 
pollinations were successful for cross  Borung X SA8623 but attempts to germinate 
seeds from these pods all failed (Table 4.2).   
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  Hybrid incompatibility is usually particularly noted in interspecific hybridisation, 
where opposite-effect alleles or epistatic loci that are fixed in the parents without 
affecting the parent genotype, result in incompatible alleles with deleterious or sub-
deleterious effects when they are brought together (Burke and Arnold 2001).  This 
manifests as hybrid sterility or inviability due to independent evolution in 
geographically separate lineages (Turelli and Orr 2000).  It can also result in 
incompatible meiotic pairing.  This is most apparent in F2 progeny as segregation 
distortion, reflecting the inviability of hybrid genotypes (Turelli and Orr 2000, Burke 
and Arnold 2001).  Regional clusters of distorted markers imply the existence of 
underlying loci that generate this distorted pattern (Hall and Willis 2005).  Potential 
sources of the distortion include deleterious recessive alleles of inbreeding depression, 
meiotic drive, self incompatibility alleles in pollen-pistil interactions or differential 
viability of F2 zygotes (Thoquet et al. 2002, Hall and Willis 2005).  Underlying these 
explanations are structural chromosomal rearrangements and differences in DNA 
content caused by inversions, translocations, duplications or deletions (Croser et al. 
2003).   
 
Selfing provides immediate isolation from other lines within a species, perpetuating 
genetic distance. It is thus reasonable that intraspecific incompatibility can occur with 
the same consequences.  In arctic flora, despite the lack of morphological or ecological 
differentiation, intraspecific crossing barriers exist resulting in post-zygotic hybrid 
sterility (Grundt et al. 2005).  This is thought not to be a result of ecological selection 
but more likely an intrinsic effect of selfing.  Selfing/inbreeding results in an 
accumulation of fixed mutations, producing locus or chromosomal incompatibility.  In a 
study of intraspecific segregation distortion in M. truncatula and M. tornata, Jenczewski 133 
 
et al. (1997) surmised new allelic combinations with complete or partial lethality and 
deleterious impacts of random insertions by retroelements, as drivers of the 
incompatibility.  The levels of distortion usually correlate with the level of divergence 
(Jenczewski et al. 1997).  Due to the late flowering habit of accession SA30199, the 
production of F2 seed from reciprocal crosses with SA8618 was delayed.  As a result 
only the phenotyping of these populations was performed and a genetic map was not 
constructed to reveal the probable segregation distortion in an F2 population.   
Divergence of accession SA8618 and possibly SA8623, both from regions in Morocco 
(Ellwood et al. 2006), may have resulted in an underlying chromosomal rearrangement 
conferring their incompatibility with the other accessions used in attempted crosses. 
Ultimately the reasons for incompatibility and segregation distortion need to be assessed 
in a specific study of fine mapping, cytological observation and DNA segregation 
analysis of designed crosses (Jenczewski et al. 1997, Hall and Willis 2005).  The 
SARDI M. truncatula core collection would prove to be a valuable tool for such studies. 
 
Successful reciprocal F2 populations were produced between the moderately resistant 
M. truncatula accession A17 and the susceptible accession Borung.  The phenotypic 
responses to inoculation by the reciprocal F2 populations were not significantly different 
in their distributions and were thus combined (Figures 4.4 and 4.5).   Bi-modal 
distributions in the combined F2 population were evident for both the proportion of 
dead/chlorotic leaves and root fresh weight in response to P. medicaginis (Figures 4.6 
and 4.7).  This departure from normality, exhibited as bi (or multi) modality or skewed 
distributions, is indicative of a segregating gene with major effects (Lynch and Walsh 
1998).  These distributions can also result from interaction with large environmental 
variation (Lynch and Walsh 1998), however in this case phenotyping was performed in 134 
 
a controlled glasshouse environment, which should reduce the environmental variation.  
By assigning resistance as equal to or less than 0.5 for the proportion of dead/chlorotic 
leaves and equal to or greater than 0.6g for root fresh weight, analysis indicated a 3:1 
phenotypic ratio of resistant to susceptible progeny in the F2 population for both traits.  
This indicates resistance may be controlled by a single dominant gene with an 
incomplete resistance phenotype, supporting the bi-modal distribution observation of a 
segregating gene with major effects.  Further screening of families of the F3 generation 
should confirm the possibility of a single dominant gene for resistance to P. 
medicaginis. 
 
Transgressive segregation was evident in the distribution of root fresh weight response 
for the combined F2 A17/Borung reciprocal population.  This resulted in progeny traits 
extending beyond the distribution of that observed in the parents (Figure 4.7).  This can 
result from epistasis, overdominance or additive effects, where alleles fixed for opposite 
effects in the parental lines manifest as extreme character values in the progeny when 
non-opposing alleles are brought together as a result of hybrid crossing (Lynch and 
Walsh 1998, Riesberg et al. 1999, 2000).  This phenomenon is obviously not detectable 
for traits based on proportions with finite extremes, such as dead/chlorotic leaves.   
Additive effects of alleles instigating extreme responses to pathogens in hybrid 
populations are common in plants (Zhang et al. 2001, Cromey et al. 2003, Blat et al. 
2006, Staal et al. 2006,).  Hybrid vigour is also a result of the additive effects of alleles, 
imparting important evolutionary implications for adaptation to changing environments 
(Lynch and Walsh 1998, Riesberg et al. 2000). A trait such as root fresh weight in the 
hybrid A17/Borung F2 reciprocal populations would exhibit hybrid vigour, irrespective 
of pathogen response.  However, this does not negate that an oligogenic interaction, 135 
 
implying that two or more genes are working in conjunction to influence the trait (Blat 
et al. 2006), may benefit the ability of M. truncatula to resist P. medicaginis, either 
resulting in or as a result of transgressive segregation and hybrid vigour.   
 
Among the progeny of the SA30199 X SA8618 and SA8618 X SA30199 F2 
populations, a bi-modal distribution and a positively skewed distribution for the 
proportion of dead/chlorotic leaves in response to P. medicaginis were evident 
respectively (Figures 4.6 and 4.7).  As with the A17/Borung reciprocal F2 populations, 
this further supports a segregating gene with major effects.  However, unlike the 
A17/Borung reciprocal F2 populations, the SA8618/SA30199 reciprocal F2 populations 
were different in their phenotypic responses to inoculation.  The mean of the proportion 
of dead/chlorotic leaves in the SA8618 X SA30199 F2 population deviated from the 
mid-parental value towards the mean of the maternal resistant parent SA8618 (Table 
4.7, Figure 4.8).  This was also the case for root fresh weight in the SA30199 X SA8618 
F2 population which was positively skewed towards the mean of the maternal parent 
SA30199 (Table 4.8 Figure 4.9). This suggests a possible maternal influence on the 
traits either by maternal inheritance or a maternal effect (Roach and Wulff 1987, Hartl 
and Jones 1998).  
 
Maternal inheritance influences critical metabolic functions of development in the 
progeny but does not result in segregation in a Mendelian fashion (Hartl and Jones 
1998, Lynch and Walsh 1998).  It manifests as the inheritance of cytoplasmic 
organelles, which are responsible for critical metabolic functions and by influence of the 
maternal tissues surrounding the embryo and endosperm that eventually form the seed 
coat, the fruit and accessory seed structures (Hartl and Jones 1998, Lynch and Walsh 136 
 
1998).  Maternal effect results from hereditary genes that do result in Mendelian 
segregation of the trait but where the contribution of the maternal genotype exceeds the 
equal contribution expected from both parents (Roach and Wulff 1987, Hartl and Jones 
1998).  Determining whether the influence of the maternal parent is due to cytoplasmic 
metabolic effects or nuclear genetic determination can only be resolved by observing 
the traits over multiple generations and by separation of genetic and environmental 
effects to determine if there is Mendelian segregation (Lynch and Walsh 1998, Wolf et 
al. 1998).   
 
The incidence of plant maternal influence on disease resistance has been suggested but 
not widely investigated (Roberts 1983, Agrawal 2002); trans-generational induced 
defence in these cases was dependent on maternal exposure to a virus or herbivore.  
There was no maternal exposure to P. medicaginis in the M. truncatula populations 
produced for this study.  However, numerous reports of progeny fitness due to maternal 
affect on seed dormancy, germination or development are published (Roach and Wulff 
1987, Mousseau and Fox 1998).  Seedling fitness influenced by the maternal parent – an 
indirect genetic effect, may play a part in general physical defence by seedlings against 
pathogens.  However, alternatively the most likely explanation is that maternal 
influence does not play a part and the observed frequencies were the direct result of the 
observed hybrid incompatibility.  Low viability of F1 seeds, differential viability of F2 
zygotes and pairing of incompatible alleles in the subsequent F2 populations could all 
have contributed to an uneven distribution of alleles in the populations derived from two 
independent mating events.   
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Because the cause of the different frequency distributions between the reciprocal 
populations is unknown, the possibility of maternal influence must be taken into 
consideration as it can have important consequences for QTL mapping.  Manifesting as 
differential fitness between individuals, analysis of populations influenced by the 
maternal parent can be complicated (Roach and Wulff 1987, Wolf et al. 1998).  The 
trait under consideration may not be the direct phenotypic result of the maternal 
influence but one modified by epistasis, adding to greater genetic variation (Roach and 
Wulff 1987, Mousseau and Fox 1998, Wolf et al. 1998).  Furthermore, the genetic and 
environmental interaction effects of both the progeny and the maternal parent must be 
taken into consideration (Lynch and Walsh 1998).  Despite these complications, the 
extreme segregation distributions observed in the reciprocal populations of crosses 
between M. truncatula accessions SA8618 and SA30199, represent a potential resource 
for determining the genes involved in resistance to P. medicaginis.   
 
Phenotyping of the M. truncatula A17 X A20 F2 and F3 segregating populations 
indicated they were inadequate in their disease response variation for determining the 
genes involved in resistance to P. medicaginis. Although in many experiments M. 
truncatula accession A20 was consistently more susceptible than A17 (Chapter 3), the 
responses of these two accessions did frequently overlap. In this screen, again accession 
A20 was slightly more susceptible than accession A17 (Figures 4.11 and 4.22), but 
statistically there was no significant difference between the responses by these parental 
accessions to inoculation.  Despite the indication of a bimodal and skewed phenotypic 
response in the F3 generation (Figures 4.11 and 4.22),  the F2 population showed a 
normal distribution in both trait responses and variance component estimates indicated 
that over 76% of the observed variation in both traits was due to other environmental 138 
 
factors. The difference in the parental moderately resistant (A17) and moderately 
susceptible (A20) responses to inoculation were not wide enough to detect significant 
segregation of loci related to P. medicaginis resistance using these populations. 
However, transgressive segregation was evident in the F3 population (Figure 4.22), 
indicating the possibility of complementary or additive gene action resulting in 
increased resistance to P. medicaginis.  Previously cross pollination between cultivars 
of barley susceptible to Pyrenophora teres revealed transgressive segregation resulting 
in increased resistance particularly in the F3 population (Cherif and Harrabi 1993).   
Utilisation of this phenomenon indicated that four susceptible cultivars possessed 
additive genes for resistance (Cherif and Harrabi 1993).  Recurrent selection of resistant 
families in subsequent generations and successive backcrossing with the parental 
genotypes could similarly potentially reveal genes for resistance to P. medicaginis in the 
A17 X A20 derived populations.  Although adopting this approach is more time 
consuming and tedious to obtain useful resistance genes, recurrent selection has been 
used to improve resistance to several diseases including Phytophthora root rot of 
soybean (Walker and Schmitthenner 1984, Cowling 1996).  Such genes determined by 
transgressive segregation are likely to be oligogenic and individually have a small effect 
on the trait; however their additive nature determines that they should be more durable 
by exerting a lower selection pressure on the pathogen (Cowling 1996, Young 1996). 
 
In addition to reliable phenotypic characterisation, precision and accuracy of QTL 
analysis also depends on map quality. A genetic map was constructed using 84 co-
dominant size polymorphic microsatellite-based markers with an F2 population of 99 
individuals derived from reciprocal crosses of the M. truncatula parental accessions 
A17 and Borung (Figure 4.13).  With a total span of 519.3cM the map mirrored the total 139 
 
length, marker order and number of linkage groups expected of established M. 
truncatula maps (Choi et al. 2004a; Mun et al. 2006).  The presented linkage groups are 
also similar in length to previously published maps (Choi et al. 2004a, Mun et al. 2006), 
with the exception of LG3, which is noticeably shorter by at least 20 cM.   
 
The majority of markers segregated in a 1:2:1 ratio as expected for co-dominant 
markers in an F2 population. However, 20 markers (23.8%) showed segregation 
distortion.  All of the markers on LG3 and markers clustered within the translocation 
area of LG4/8 had a higher proportion of Borung alleles.  The high distortion of markers 
on LG3 in particular has been previously observed in maps constructed with M. 
truncatula accession A17 (identical genotype to Jemalong) (Thouquet et al. 2002, Choi 
et al. 2004a).  This segregation distortion may be a result of an inherent incompatibility 
between selfed lineages in the M. truncatula collection, which reflects the underlying 
structural chromosomal rearrangements causing the inviability of hybrid genotypes 
already discussed (Turelli and Orr 2000, Burke and Arnold 2001, Hall and Willis 2005). 
Genotype data from this study was utilised to support the documentation of a 
translocation in M. truncatula accession A17 between chromosomes four and eight 
(Kamphuis et al. 2007), reflected in the combining of LG4 and LG8 to form a single 
linkage group. 
 
M. truncatula accession A17 (Jemalong) is the reference genotype for sequencing of the 
M. truncatula genome and well known progenitor of other molecular and genetic 
investigations including leaf/stem and root pathogenic interactions (Colditz et al. 2005, 
Song et al. 2005, Foster-Hartnett et al. 2007, Nyamsuren et al. 2007, Vailleau et al. 
2007).  Production of a molecular linkage map based on A17 from a population that is 140 
 
segregating for P. medicaginis resistance is valuable for further investigation of this 
plant/pathogen interaction.  It allows direct comparison with resources and molecular 
tools already defined by the medicago initiative for addressing fundamental biological 
and molecular questions pertaining to legumes (Cook 1999, Bell et al. 2001).   
 
Based on this genetic map a significant QTL with a major effect for resistance to P. 
medicaginis was located on M. truncatula linkage group 6 (LG6) (Figure 4.14).  Single 
QTL analysis of two symptoms of the same disease and two linked QTL analysis of a 
single symptom revealed significant QTLs on the same linkage group within the same 
region, supporting the putative position of the locus and its authenticity (Figures 4.14 
and 4.15).  A QTL with a major effect is also substantiated by the bimodal phenotypic 
frequency distribution for both traits (proportion of dead/chlorotic leaves and root fresh 
weight) of the F2 reciprocal populations in response to inoculation (Figures 4.6 and 4.7).  
 
The proportion of explained variance (PEV) was as high as 69.5% for the proportion of 
dead/chlorotic leaves, however the putative position of the QTL associated with this 
trait, taking into account the standard deviation, extends over 25 cM of the 60 cM length 
of LG6 (Figure 4.14).  Single QTLs with major effects accounting for over 50% of the 
explained variance have been reported (Tanksley 1993, Price 2006) and in this instance 
a single dominant gene as indicated by the 3:1 phenotypic ratio of resistance to 
susceptibility.  However, the resistance phenotype is incomplete, with resistance 
assigned to plants with half of their leaves exhibiting disease. QTLs associated with 
disease resistance commonly consist of three to five loci (Tanksley 1993, Price 2006), 
so it could be that multiple closely linked genes are involved.  When small numbers of 
recombinant individuals are assessed, multiple linked genes closer than 20cM may 141 
 
appear as a single QTL (Tanksley 1993). Also, when limited markers restrict the 
mapping resolution to 10-20 cM intervals, the map density may be insufficient for 
distinguishing the effects of single genes from multiple genes within the QTL (Tanksley 
1993, Young 1996).  Using a limited number of individuals for analysis also restricts 
the ability to detect QTLs with biologically relevant minor effects (Young 1996).  In 
this case the average distance between markers in the A17/Borung reciprocal map is 8.7 
cM, but the defined interval of the QTL associated with the proportion of dead/chlorotic 
leaves trait was 11cM. Increasing the marker density in this region would result in 
consolidating the position of the QTL and determining if the interval contains a single 
dominant gene or more linked genes/loci involved in conferring resistance.  Assessing 
the reaction to infection within families of the F3 population will further narrow the 
location of the QTL and confirm the presence of a single resistance gene. 
 
Three other significant QTLs with possible minor effects were able to be identified in 
the mapping population (Figure 4.15).  However, given the small number of individuals 
assessed and taking into account the observed standard deviation, their biological 
relevance in this instance was not different to zero.  Increasing the number of F2 
individuals assessed could also confirm these loci and their relevance to the observed 
response and consolidate their positions. In conjunction, mapping and QTL analysis of 
populations derived from the highly resistant SA8618 and susceptible SA30199 
accessions have the potential to confirm the position and effects of the QTLs, 
particularly the QTL with the major effect on LG6.  These populations may also expose 
allelic variation or reveal novel QTLs, both of which could be related to the greater 
resistance level observed in accession SA8618.   
 142 
 
Phenotype analysis and coarse QTL mapping of limited recombinant individuals to 
establish the possibility of a few genes with a major effect as opposed to a large number 
of genes with lots of small effects, is sufficient for identifying populations with potential 
for further investigation using high resolution mapping experiments.  Knowing the 
putative positions of QTL with both major and minor effects allows efforts to be 
concentrated.  Reported QTL commonly range over a region of 10 to 30 cM, which can 
account for up to 2000 genes in a physical map (Price 2006). High resolution mapping 
of the resistance loci allows the possibility of map-based or positional cloning of the 
resistance genes by a candidate gene approach. Further polymorphic markers need to be 
identified only within the regions of interest and larger populations of recombinant 
individuals need only be screened using these markers.  This can more accurately 
localise the QTL for determining the candidate genes in a region of interest. 
   
The benefit of using a model species for mapping is that whole genome information is 
available and genes within the region of a QTL can be selected based on putative gene 
function and synteny with target crops (Salentijn 2007).  The identification of a 
significant QTL with a major resistance effect against P. medicaginis from a population 
of 99 individuals distinguishes the populations of reciprocally crossed parental lines 
A17 and Borung as candidates for further investigation using high resolution mapping.  
A gene with a major effect is the one most likely to be chosen as a candidate gene of 
interest to breeders for manipulation in breeding schemes and for application of 
molecular markers in the target crop (Tanksley 1993, Salentijn 2007).  In this instance 
the QTL with a major effect for resistance to P. medicaginis on LG6 is a promising 
potential candidate for further exploitation.  Further screening of families of the F3 143 
 
generation of the A17 and Borung reciprocal populations may confirm the possibility of 
a single dominant gene and result in a candidate gene for resistance to P. medicaginis. 
 
Plants have evolved a suite of resistance genes (R-genes), generally belonging to 
multigene families, that respond to elicitors of a broad range of pathogens.  Previous 
mapping studies have indicated that QTLs for disease resistance usually reside within or 
near localised clusters of resistance gene analogs (RGAs); those genes with NBS-LRR 
that have homology to R genes but whose precise functions have not been established 
(Zhu et al. 2002, Hammond-Kosack and Parker 2003, Salentijn 2007).  The sequence 
variability in the NBS-LRR domains of RGAs provides a genetic pool for establishing 
specificity for disease resistance and represents a rich source of functional R  genes 
(Dangl and Jones 2001, Zhu et al. 2002, Hammond-Kosack and Parker 2003). QTLs 
may also co-localise with defence response genes (DR genes) (Pfleiger et al. 2001).  
Bhattacharyya et al. (2005) identified a CC-NBS-LRR resistance gene-like sequence 
within the Rps1–k region that confers resistance to Phytophthora sojae in soybean; and 
in pepper, a class III chitinase DR gene co-localised with a “major-effect” QTL 
conferring resistance to Phytophthora capcisi (Pfleiger et al. 2001).  Further to this, 
genes conferring resistance to Phytophthora species, but not other pathogens, occurred 
in corresponding genomic positions between three solanaceous species – tomato, potato 
and pepper; this indicates taxonomic specificity for Phytophthora by homologous R 
genes, with conserved synteny (Grube et al. 2000).  R genes for different taxa, including 
Phytophthora, mapped to homologous regions in at least two solanaceous species.  This 
also suggests synteny between areas that are conserved for R gene function but with 
evolving specificity (Grube et al. 2000).  
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LG6 of M. truncatula contains at least 30 TIR-RGAs in an extended cluster that spans 
the majority of its length (Zhu et al. 2002). Positioning of a QTL with a major effect for 
P. medicaginis resistance on this linkage group, within the vicinity of TIR-NBS-LRR 
domains, indicates the possibility of an associated R gene.  Conserved Phytophthora R 
gene specificity between solanaceous species lends support to comparative mapping for 
identification of Phytophthora resistance genes in legumes.  QTLs for resistance to P. 
medicaginis have been mapped in Medicago sativa (Musial et al. 2005), which is highly 
syntenic with M. truncatula (Julier et al. 2003, Musial et al. 2007).  The QTL with the 
largest effect for resistance was identified on M. sativa LG18 (Musial et al. 2005).  The 
populations and markers used for mapping this resistance were different to those used 
for syntenic comparison and resulted in different linkage group assignments (Julier et 
al. 2003, Musial et al. 2007), so a comparison of homologous regions is not yet feasible. 
 
The identification of a major-effect QTL for resistance to P. medicaginis is a valuable 
step towards obtaining molecular markers for use in molecular breeding programs of 
related legumes affected by this pathogen.  Further investigation can now be performed 
on this foundation for ultimately map-base cloning the gene(s) involved and 
understanding the underlying gene expression driving the resistance. 
 145 
 
5  CHAPTER 5 – MAPPING PHYTOPHTHORA MEDICAGINIS 
RESISTANCE IN CICER ARIETINUM. 
 
5.1  INTRODUCTION 
Despite the increasing worldwide demand for chickpea as the world’s population’s 
increase, concerted research into traditional breeding programs has had little impact on 
improving production (Winter et al. 2000, Pfaff and Kahl 2003). The low level of 
genetic variability within C. arietinum attributed to domestication has resulted in the 
failure to identify cultivars within the species that have stable, high level resistance to 
biotic and abiotic stresses (Abbo et al. 2003, Croser et al. 2003).  Diseases caused by P. 
medicaginis are a major constraint to production of chickpea in Australia and resistance 
to this pathogen was identified as the most promising control option (Knights et al. 
2008).  Currently only moderately resistant cultivars have been identified, but high 
mortality and yield losses still occur under high disease pressure in pathogen-conducive 
seasons (Cumming et al. 2007, Knights et al. 2008).  
 
Rectifying these constraints with the application of biotechnological advances will 
require sound knowledge of the biological interactions of chickpea and the mechanisms 
underlying resistance/tolerance to stresses (Dita et al. 2006).  Tools towards achieving 
the biological knowledge required include both inter and intraspecific linkage maps of 
chickpea (Winter et al. 2000, Flandez–Galvez et al. 2003).  These have previously 
facilitated the detection of QTLs and molecular markers associated with resistance to 
important pathogens (Benko-Isseppon et al. 2003, Sharma et al. 2004, Cobos et al. 
2006, Lichtenzveig et al. 2006, Tar’an et al. 2007).  But most of these QTLs are 146 
 
associated with chickpea specific microsatellite markers.  A physical map of chickpea is 
not available, limiting the knowledge obtained from QTL analysis to elucidate gene 
identification, structure and function (Millan et al. 2006). 
 
Comparative mapping of the chickpea genome with the M. truncatula genome by the 
addition of common gene-based markers, will facilitate the exchange of information 
through synteny; advancing research in chickpea through the benefits of progress 
already established in M. truncatula (Millan et al. 2006).  Through the application of 
molecular markers associated with specific traits, the selection process for resistant 
cultivars can be accelerated, which in turn could lead to simultaneous transfer of several 
important QTLs to pyramid several agronomical traits into a single improved cultivar 
(Dita et al. 2006).   
 
As with QTL analysis of segregating populations of medicago, the potential for 
discovery of R  genes against P. medicaginis in chickpea is based on well covered 
linkage maps.  The aim of this chapter was to identify markers for resistance to P. 
medicaginis in chickpea using a traditionally bred population segregating for resistance 
to the pathogen.  In conjunction, by applying medicago-based genetic markers for 
syntenic comparison with M. truncatula, the potential ability to solidify the position of a 
conserved QTL between the two species and identify the function of a specific 
resistance gene may be enhanced. 
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5.2  MATERIALS AND METHODS 
5.2.1  Cicer arietinum populations segregating for resistance to Phytophthora 
medicaginis. 
Two recombinant inbred line (RIL) populations segregating for resistance to P. 
medicaginis were produced by principal chickpea breeder Mr Ted Knights from the 
New South Wales Dept. of Primary Industries;  a C. arietinum intraspecific cross 
between parental line cv. BG212, which is susceptible to P. medicaginis and cv. 
Jimbour, which is moderately resistant and an interspecific cross between moderately 
susceptible C. arietinum cv. Howzat and C. echinospermum accession ILWC246, a wild 
relative of chickpea that has high natural resistance to P. medicaginis. These RIL 
populations were produced by single seed descent and were bred to F7 and F3 
respectively at the period when this analysis was undertaken.   
 
5.2.2  Evaluation of response to Phytophthora medicaginis by the Cicer arietinum 
Jimbour X BG212 F7 recombinant inbred line population.  
Phenotyping of the intraspecific Jimbour X BG212 F7 RIL population was performed 
by staff at the New South Wales Department of Primary Industries (NSW DPI) in a 
“Phytophthora-nursery”.  This field is located in eastern Australia at Calala 8 km east of 
Tamworth (S31 08.784 E150 58.212) in New South Wales (Figure 5.1).  Trials were 
supplemented with oat seed inoculum (prepared similarly to millett seed inoculum - 
Chapter 2) of a mixture of six isolates of P. medicaginis (UQ5614, UQ5619, UQ 5750, 
UQ 5751, UQ 5752, UQ 5753), at a rate of two oat kernels per M. truncatula seed (1.2g 
per 75cm row) at the time of planting. 148 
 
 
 
Figure 5.1: Cicer arietinum field response to Phytophthora medicaginis.  A) Field trial 
screening for resistance to Phytophthora medicaginis in Cicer arietinum recombinant 
inbred lines at the ‘Phytophthora nursery’ located at Calala, New South Wales in 
eastern Australia, 2005.  B) Phenotypic response to infection by P. medicaginis in the 
parental lines BG212 (moderately resistant) and Jimbour (susceptible) and one 
recombinant inbred line (RIL). 
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The plot design consisted of 20 horizontal rows by 32 vertical rows divided into eight 
blocks.  Twenty four repetitions consisting of 25 plants each of the parental lines and 
control cultivars Sonali and Flipper were distributed in each of the 20 horizontal rows 
but randomly across eight blocks.  Twenty eight repetitions consisting of 25 plants each 
of the control cultivar Yorker were also distributed in each of 20 rows but randomly 
across the eight blocks. Four repetitions of 25 plants each of the 117 F7 RILs and 
control cultivar Howzat were randomly planted throughout the whole plot.  The control 
cultivars were, in order of most susceptible to most resistant: Sonali, Howzat, Flipper 
and Yorker.  Rows were scored on a scale of 1- all plants in a row healthy, to 9 – all 
plants in a row dead.  Assessment was at 4 months post planting.   
 
One-way analysis of variance (ANOVA) using JMP version 5.1 (SAS Institute) was 
used to compare the responses between parental accessions. The Shapiro-Wilk test was 
used to determine if population phenotypes fitted a normal distribution. Variance 
component estimates were calculated for the RIL population using the EMS (Expected 
means square) method, to determine the genetic and environmental contributions to the 
observed variance of the trait.   
 
The interspecific Howzat X ILWC246 F3 population was not phenotypically assessed at 
the period when this analysis was undertaken due to insufficient seed available for a 
field trial.  RILs are being extended further in generations and glasshouse assessment is 
being trialled (pers. comm. Ted Knights). Leaf samples for DNA extraction were taken 
from individual F3 plants and freeze dried to store for future genotyping and analysis. 
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5.2.3  Identification of polymorphic medicago-based genetic markers  
DNA was extracted from each of the three C. arietinum and the C. echinospermum 
parental lines according to the procedures in Chapter 2.8.  DNA from the four chickpea 
parents and the standard reference accession M. truncatula A17 as a positive control 
was amplified by PCR to determine the effectiveness in chickpea of 130 medicago-
based EST DNA markers sourced from Choi et al. (2004a) (Appendix C – Table 5.1).   
 
Amplification reactions were performed in a final volume of 12.5 μL according to the 
specifications in Chapter 2.9.  The PCR was carried out using an Eppendorf 
Mastercycler gradient thermal cycler.  After an initial denaturation of 3 minutes at 94
oC, 
36 cycles of denaturation at 94 
oC for 30 seconds, annealing at 50 
oC for 30 seconds and 
extension at 72 
oC for 90 seconds, was followed by a final extension time of 5 minutes 
at 72 
oC before termination of the PCR at 10 
oC.  Ten microlitres of PCR product was 
loaded onto a 1.7% agarose gel and run in TBE buffer (1X) for 1 hour at 90 volts.  
Bands were visualised under UV light by staining with ethidium bromide (0.1 μL/mL) 
(Figure 5.2A).  The optimum annealing temperature for each primer pair that was able 
to amplify the chickpea DNA was determined by temperature gradient PCR using DNA 
of  C. arietinum cv. Jimbour.  The amplification reactions, PCR conditions, gel 
electrophoresis and band visualisations were as above with an annealing temperature 
gradient range of 50 
oC to 65 
oC (Figure 5.3B).  
 
Parental PCR products were compared to determine size polymorphisms.  Where no 
size polymorphisms were obvious PCR products with a single amplicon were direct 
sequenced to determine the presence of single nucleotide polymorphisms (SNP’s).  For 
sequencing, PCR products were purified by using Mo Bio’s UltraClean™ PCR clean up 151 
 
kit (Mo Bio Laboratories Inc. Solana Beach, CA). Sequencing reactions were performed 
using BigDye 3.1 Terminator Cycle Sequencing Ready Reaction Mix (Applied 
Biosystems [AB], Foster City, California) and the products run on an AB Prism 3730 
DNA sequencer. Polymorphisms in the DNA sequences were identified by aligning the 
sequences in Vector NTI Suite 9.0 (Invitrogen, Carlsbad, California). 
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5.2.4  Identification of polymorphic chickpea DNA markers  
139 chickpea simple sequence repeat (SSR) markers selected on the basis of even 
distribution covering the known length of each of the C. arietinum linkage groups, were 
sourced from Winter et al. (1999) and Lichtenzveig et al. (2005) (Dr. Judith 
Lichtenzveig pers. comm.).  Some aliquots of these primers were kindly supplied by Dr 
Chris Pittock (Research Associate, School of Agriculture and Food Systems, The 
University of Melbourne, Australia).  Primer aliquots of a further 298 SSR markers 
designed by researchers at the International Crops Research Institute for the Semi Arid 
Tropics (ICRISAT) and 41 EST markers (Buhariwalla  et al. 2005) were kindly 
supplied by Dr. Rajeev Varshney (Senior Scientist, ICRISAT, India).  Marker lists are 
in Appendix C – Table 5.2.  All these markers were used to compare parental DNA to 
determine size polymorphisms. 
 
All amplification reactions were performed in a final volume of 12.5 μL according to 
the specifications in Chapter 2.9.  All PCRs were carried out using an Eppendorf 
Mastercycler gradient thermal cycler.  PCR conditions using the Winter et al. (1999) 
and Lichtenzveig et al. (2005) chickpea SSR primers were according to the PCR 
conditions outlined in section 5.2.3 but with an annealing temperature of 60 
oC. 
Optimisation of the annealing temperature was performed where necessary by a 
temperature gradient PCR using DNA of C. arietinum cv. Jimbour, as described in 
5.2.3. Six microlitres of PCR product was loaded onto a 1.8% agarose gel and run in 
TBE buffer (1X) for 40 minutes at 110 volts.  Bands were visualised under UV light by 
staining with ethidium bromide (0.1 μL/mL).   
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PCR conditions using the ICRISAT SSR oligonucleotide primers were with a 
touchdown procedure.  The initial denaturation and final extension phases were as 
outlined in section 5.2.3.  The annealing and extension phase was 10 cycles of 
denaturation at 94 
oC for 30 seconds, annealing at 60 
oC for 30 seconds and extension at 
72 
oC for 15 seconds, followed by 35 cycles of denaturation at 94 
oC for 30 seconds, 
annealing at 55 
oC for 30 seconds and extension at 72 
oC for 15 seconds.  Eight 
microlitres of PCR product was loaded onto a 3% agarose gel and run in TBE buffer 
(1X) for 2 hours at 80 volts.  Bands were visualised under UV light by staining with 
ethidium bromide (0.1 μL/mL).  PCR conditions to screen the EST markers were 
according to Buhariwalla et al. (2005).   
 
5.2.5  Genotyping and linkage analysis of the Cicer arietinum Jimbour X BG212 
F7 recombinant inbred line population. 
DNA was extracted as described in Chapter 2.8 from the F7 RIL population derived 
from the intraspecific cross of C. arietinum Jimbour X BG212.  DNA was amplified by 
PCR as described in sections 5.2.3 and 5.2.4.  For marker genotyping analysis the PCR 
products of the RILs were aligned with parental PCR products for gel electrophoresis.  
Genotypes were recorded as “A” – homozygous parent band BG212, “B” – 
homozygous parent band Jimbour and “-” for missing data. Marker analysis by 
ANOVA was performed to determine any significant association between genotype and 
phenotype score. 
 
A linkage map of 117 F7 RILs was constructed using Multipoint version 1.2 (Institute of 
Evolution, Haifa University, Haifa, Israel; http://www.multiqtl.com) with the Kosambi 
mapping function and a maximum recombination fraction (rf) of 0.3.  Pearson Chi-155 
 
square analysis was applied to determine if co-dominant markers deviated from the 
expected Mendelian segregation ratio of 1:1 for a RIL population.  Values greater than 
5.99 (P<0.05) indicated segregation distortion and were marked so on the linkage map.  
Marker order and map distances were determined using jack-knife re-sampling at 5000 
iterations.   
 
 
5.3  RESULTS 
5.3.1  Evaluation of response to Phytophthora medicaginis by the Cicer arietinum 
Jimbour X BG212 F7 recombinant inbred line population. 
Individuals of an F7 RIL population derived from a cross of chickpea cultivars Jimbour 
X BG212 and the parental cultivars were evaluated in the field for their response to 
disease caused by P. medicaginis. Chickpea control cultivars Sonali, Howzat, Flipper 
and Yorker that ranged from susceptible to resistant, were included in the trial and 
scored as expected in relation to each other with mean scores of 8.1, 5.3, 3.9 and 1.7 
respectively (Figure 5.3).  The variation in response to P. medicaginis between the 
parental cultivars Jimbour and BG212 was significantly different (P < 0.0001), 
explaining 82.8% of the variance (Figure 5.4, Table 5.1).  The F7 Jimbour X BG212 
RIL population frequency distribution exhibited a bi-modal pattern that was not normal 
(PW <0.0001) (Figure 5.4, Table 5.1).  There was a significant difference (F <0.0001) in 
the between-families and within-families variance of the expected means squared model 
accounting for 67% of the observed difference, of which 57.15% could be attributed to a 
genetic component (Table 5.2). 
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Figure 5.3: Mean disease scores of four control Cicer arietinum cultivars in response to 
Phytophthora medicaginis.  Bars represent standard error. Known cultivar response in 
order of most susceptible to most resistant is Sonali (n=24), Howzat (n=4), Flipper 
(n=24) and Yorker (n=28). 1- All plants healthy, 9 – All plants dead. Raw data for this 
analysis obtained from Mr Ted Knights (DPI NSW). 
 
 
 
Figure 5.4: Frequency distribution of the response to Phytophthora medicaginis in a 
Cicer arietinum Jimbour X BG212 F7 population of recombinant inbred lines.  Vertical 
arrows and horizontal lines represent the mean and SD respectively of the parental 
accessions (n(Jimbour) = 24, n(BG212) = 24) in response to inoculation. 1- all plants healthy, 
9 – all plants dead four months post planting in an infested field. Raw data for this 
analysis obtained from Mr Ted Knights (DPI NSW). 
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Table 5.1: Parameters of the frequency distribution of response to Phytophthora 
medicaginis infection in Cicer arietinum parental lines BG212 (n = 24) and Jimbour (n 
= 24) and the F7 RIL progeny (n = 117). Shapiro-Wilks test (PW < 0.05) indicates a 
distribution is significantly different from normal.  Raw data for this analysis obtained 
from Mr Ted Knights (DPI NSW). 
 
Generation Mean  SD  Variance  PW 
Parental Jimbour  2.2 1.3  1.62  - 
Parental BG212  7.2 1.1  1.13  - 
F7 RILs  4.8 2.2  4.9  <0.0001 
 
 
 
 
 
Table 5.2: Variance component estimates of the expected means squared model for 
response to Phytophthora medicaginis inoculation by F7 recombinant inbred lines of 
Cicer arietinum cross Jimbour X BG212.  Raw data for this analysis obtained from Mr 
Ted Knights (DPI NSW). 
 
  Disease Score 
F Value  <0.0001 
R
2 Value  0.67 
  Variance component estimate  Percentage of total 
RIL & Random  2.79 57.15 
Residual  2.09 42.85 
Total  4.88 100.000 
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5.3.2  Identification of DNA markers polymorphic between parental cultivars 
from different Cicer species. 
131 medicago-based EST markers were screened for size polymorphisms between C. 
arietinum parental cultivars Jimbour and BG212 and C. arietinum parental cultivar 
Howzat and C. echinospermum accession ILWC246. 78% (101) of the primer pairs 
tested successfully amplified chickpea DNA (Table 5.3, Appendix C - Table 5.1).  None 
of these markers were polymorphic in amplicon size between parents of the intraspecific 
cross.  Two markers were polymorphic in amplicon size between parents of the 
interspecific cross (Table 5.3, Appendix C - Table 5.1).  SNP detection was performed 
on single amplicons of the intraspecific parental cultivars or interspecific parental 
cultivars derived from PCRs using 22 or 20 different medicago-based EST markers 
respectively.  SNP’s between the intraspecific parental cultivars were detected with 
three markers (13.6%) (Table 5.3, Appendix C - Table 5.1). SNP’s between the 
interspecific parental cultivars were detected with 10 markers (50.0%) (Table 5.3, 
Appendix C Table 5.1). 
 
437 chickpea SSR markers and 41 chickpea EST markers were screened for size 
polymorphisms between C. arietinum parental cultivars Jimbour and BG212 and C. 
arietinum parental cultivar Howzat and C. echinospermum accession ILWC246.  Using 
the conditions specified 67.4% and 75.1% of the markers amplified optimal products for 
both parents of the intraspecific and interspecific crosses respectively (Tables 5.4 and 
5.5, Appendix C - Table 5.2). Using gel electrophoresis 44 (9.2%) and 122 (25.5%) 
markers were determined to produce amplicons that were polymorphic in size between 
parents of the intraspecific and interspecific crosses respectively (Tables 5.4 and 5.5, 
Appendix C - Table 5.2).  None of the chickpea EST markers (Buhariwalla et al. 2005), 159 
 
were size polymorphic between the two parents of the intraspecific cross and only two 
were size polymorphic between the interspecific cross (Tables 5.4 and 5.5, Appendix C 
Table 5.2). 160 
 
  
Table 5.3: Results of screening medicago-based EST markers (Choi et al 2004) on Cicer 
arietinum parental cultivars.  Intraspecific cross - Cicer arietinum Jimbour X BG212 
and interspecific cross - C. arietinum and C. echinospermum Howzat X ILWC246.   
 
  Parental lines 
  Jimbour and 
BG212 
Howzat and 
ILWC246 
No. of medicago-based EST primers tested  130 130 
No. that amplified chickpea  101 (77.7%)  101 (77.7%) 
No. that were size polymorphic  0 2 
No. sequenced in chickpea parents  22 20 
No. with SNP polymorphisms  3 (13.6%)  10 (50.0%) 
 
 
Table 5.4: Results of screening chickpea SSR markers on Cicer arietinum parental 
cultivars used for the intraspecific cross Jimbour X BG212. 
 
Primer source 
Total No. 
of 
markers 
tested 
Marker 
type 
Total No. of 
markers that 
amplified 
optimal  
products in 
both parental 
lines 
Total No. of 
markers that 
were size 
polymorphic 
between 
parental lines 
Winter et al. (1999)  62 SSR  55  18 
Lichtenzveig et al. (2005)  77 SSR  64  15 
Buhariwalla et al. (2005)  41 EST  28  0 
Rajeev Varshney (ICRISAT)  298 SSR  175  11 
Total  478    322 (67.4%)  44 (9.2%) 
 
 
Table 5.5: Results of screening chickpea SSR markers on Cicer arietinum and C. 
echinospermum parental cultivars used for the intraspecific cross Howzat X ILWC246. 
 
Primer source 
Total No. 
of 
markers 
tested 
Marker 
type 
Total No. of 
markers that 
amplified 
optimal  
products in 
both parental 
lines 
Total No. of 
markers that 
were size 
polymorphic 
between 
parental lines 
Winter et al. (1999)  62 SSR  54  43 
Lichtenzveig et al. (2005)  77 SSR  68  28 
Buhariwalla et al. (2005)  41 EST  37  2 
Rajeev Varshney (ICRISAT)  298 SSR  200  49 
Total  478    359 (75.1%)  122 (25.2%) 
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5.3.3  Linkage analysis of the Cicer arietinum Jimbour X BG212 intraspecific F7 
RIL population. 
A genetic linkage map was constructed with 32 co-dominant, length polymorphic 
chickpea SSR markers using an F7 RIL population of 117 lines derived from crossing 
the C. arietinum parental accessions Jimbour and BG212 (Figure 5.5).  The map was 
organised into eight linkage groups with two, three or four marker positions per linkage 
group; some of the markers could not be delineated and occurred at the same position 
on the linkage groups.  Six markers were not linked.  Markers expected to link together 
based on previous chickpea linkage maps did so except where the recombination 
frequency between them was greater than 0.5. Of the previously unpublished ICRISAT 
markers none of these linked to any of the established markers; three linked with each 
other (LGa) and three were unlinked. Three markers at the top of LG5 showed 
segregation distortion (χ2(2, 0.05) > 5.99) away from the 1:1 ratio expected of RIL 
populations exhibiting an excess of the Jimbour allele.  
 
ANOVA indicated that the two markers of LG4 – H1A12 and TA130, revealed a 
significant difference in the variance of scores between the two genotype designations 
of the RIL population (Figure 5.6).  This difference accounted for 7% and 5% of the 
observed variation respectively.  Using marker H1A12 the mean score of RIL families 
with the same genotype as the moderately resistant parent Jimbour or the susceptible 
parent BG212 was 3.9 and 4.9 respectively (Figure 5.6).  Using marker TA130, 4.1 and 
4.9 were the respective mean scores of RIL families with the same genotype as Jimbour 
or BG212 (Figure 5.6). 162 
 
 
 
Figure 5.5: A genetic map of Cicer arietinum derived from an F7 population of 117 
recombinant inbred lines generated from the cross Jimbour X BG212.  32 co-dominant, 
length polymorphic chickpea SSR markers were used for construction of the map. 
Numbers to the left of the linkage groups indicate cM position. Marker identifications 
are listed to the right of the linkage groups.  Markers with an asterisk showed 
segregation distortion (χ2 (2, 0.05) > 5.99), exhibiting an excess of the Jimbour allele.   
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Figure 5.6: Distribution of mean disease scores associated with two chickpea simple 
sequence repeat markers for each parental genotype designation of Cicer arietinum F7 
recombinant inbred line families.  A: Genotype of Phytophthora medicaginis 
susceptible parent BG212, B: Genotype of P. medicaginis moderately resistant parent 
Jimbour. Red horizontal lines represent the overall mean disease score for the 
designated genotype and standard error of the mean. 
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5.4  DISCUSSION 
The C. arietinum Jimbour X BG212 F7 RIL population segregating for resistance to P. 
medicaginis showed a bimodal distribution in disease scores in response to infection 
with this pathogen (Figure 5.4).  Just as with the response by M. truncatula (Chapter 4), 
this is indicative of a segregating gene with major effects, but may also result from 
interaction with a large environmental variation (Lynch and Walsh 1998).  In this 
instance variance component analysis indicated that 57.15% of the differences in 
between-family and within-family variance can be attributed to a genetic component 
(Table 5.2).  This is a significant result given the environmental interactions inherent in 
field analysis, such as the presence of multiple pathogenic isolates and indirect scoring 
methods that do not directly measure root colonisation. 
 
To determine markers for resistance to P. medicaginis in M. truncatula and chickpea in 
parallel, initially the four Cicer parental lines were amplified by PCR using 
oligonucleotide primers based on M. truncatula ESTs (Choi et al. 2004a).  This was to 
first determine that the primers worked on chickpea DNA and then to screen for size 
polymorphic markers.  The aim was to produce a linkage map analogous to the M. 
truncatula linkage map (Choi et al. 2004a) to facilitate syntenic comparison between 
the two legume species.  Despite successful amplification of chickpea DNA by 77.7% 
of the 130 primer pairs tested (Table 5.3), none of the medicago-based markers were 
size polymorphic between the parents of the intraspecific cross, using the methods 
described (Section 5.2.3).  If a 4-5% high density agarose gel was used and 
electrophoresis time was increased, amplification products with small base pair 
differences may have been identified.  Instead, sequencing of the parental amplicons 
was performed to determine if there were single nucleotide polymorphisms. This 165 
 
required extensive resources and time, which proved to be inefficient; SNP’s were 
detected in only 13.6% of the intraspecific parental amplicons sequenced (Table 5.3).  
This translated into an average of only 2 markers per linkage group, which was 
insufficient for linkage group analysis and hence this approach was abandoned.  
 
The alternative approach was to first produce a linkage map and perform QTL analysis 
of the intraspecific Jimbour X BG212 F7 RIL population using chickpea SSR markers.  
Once the region of the resistance QTL could be ascertained, efforts could be 
concentrated on establishing common medicago-based gene markers on the linkage 
group of interest according to the published consensus map (Zhu et al. 2005); the aim 
being to facilitate the parallel identification of the gene(s) involved in resistance to P. 
medicaginis in both chickpea and M. truncatula.   
 
Although the chickpea SSR and EST markers were designed specifically for chickpea, 
optimisation of PCR conditions was not always successful for producing single band 
products that were easily scored by size polymorphism.  Only 67.4% of the chickpea 
oligonucleotide primers successfully amplified the intraspecific parents and of these 
only 9.2% (44) were size polymorphic (Table 5.4).  The parents of this intraspecific 
cross must reside genetically very close.  This is supported by the lack of observed 
polymorphism in the simple sequence repeat regions, which traditionally have extreme 
allelic diversity due to high rates of mutation and low selection pressures (Lichtenzveig 
et al. 2005, Mun et al. 2006).  Low levels of polymorphism are not unexpected in the 
chickpea gene pool.  Several bottlenecks have contributed to the loss of variation in this 
crop, not least of which is elite inbred cultivars produced by traditional breeding 166 
 
methods replacing naturally occurring local evolution among land races (Abbo et al. 
2003). 
 
Upon attempts to genotype the F7 RIL population for linkage analysis the low number 
of polymorphic markers identified was reduced further.   Despite efforts at optimisation, 
oligonucleotide primers for 12 of the 44 size polymorphic markers failed to sufficiently 
amplify the RIL population to designate a genotype.  This resulted in a limited linkage 
map consisting of 23 markers sparsely covering seven expected linkage groups and one 
other linkage group (LGa) of three previously unpublished markers (ICRISAT – 
commercial in confidence) that were unable to be assigned to a known linkage group 
(Figure 5.5). Six markers remained unlinked. This low density linkage map prevented 
the ability to complete a full QTL analysis; however individual marker analysis could 
be performed.  Encouragingly, both of the markers on LG4 in this investigation showed 
a tendency toward resistance association albeit insignificant with a maximum variance 
explanation of 7% (Figure 5.6).  Many QTLs for Ascochyta resistance have previously 
been located on chickpea LG4 (Ta’ran 2007).  This may indicate the presence of 
potential resistance gene analogues.   
 
The Jimbour X BG212 F7 RIL population represents not only a significant resource for 
obtaining P. medicaginis resistant germplasm, but also the opportunity to identify and 
determine the function of a resistance gene with a significant effect.  This could have 
been facilitated by syntenic comparison with M. truncatula, but for the inability to first 
produce a linkage map for this population based on established chickpea microsatellite 
markers.  An alternative approach to producing a linkage map for this population is the 
established molecular marker technique known as amplified fragment length 167 
 
polymorphism (AFLP) DNA fingerprinting.  This method results in a unique, 
reproducible set of fragments from throughout the genome, after complete restriction 
digestion of total genomic DNA followed by selective PCR amplification and 
electrophoresis (Meudt and Clarke 2007).  Just like SSRs, AFLPs are an easy to 
generate, inexpensive method for genotyping large populations of individuals and they 
amplify previously uncharacterised DNA with a high degree of resolution (Meudt and 
Clarke 2007).   
 
Contrary to multiallelic codominant SSRs, AFLPs are less informative due to their 
diallelic dominant nature, are prone to incorrect genotyping and cannot be transferred 
between populations (Millan et al. 2006).  But their advantage over SSRs is their high 
number and even spread throughout the genome, facilitating the fast and efficient 
construction of dense genetic maps and adding to statistical power in analysis 
(Savelkoul et al. 1999, Meudt and Clarke 2007).  This is particularly useful to amplify 
and locate polymorphic loci in populations where genetic variability is low such as 
intraspecific crop populations (Meudt and Clarke 2007).   
 
Dense marker maps are required for pyramiding beneficial genes for both abiotic and 
biotic qualities. Both SSRs and AFLPs contribute towards establishing dense maps; 
SSRs particularly have facilitated the comparison of chickpea maps among laboratories 
for both map construction and mapping of agronomically important genes (Winter et al. 
2000, Tekeoglu et al. 2002, Pfaff and Kahl 2003, Lichtenzveig et al. 2006, Ta’ran et al. 
2007). The main disadvantage of AFLPs and SSRs is their lack of transferability 
between species; these molecular markers are only useful in the species in which they 
were designed.  The addition of gene-based markers facilitates the comparative mapping 168 
 
between related legume species and affords the benefit of the genetic and genomic tools 
already developed in model legumes. 
 
In this instance it is recommended to use AFLPs to form a core skeleton linkage map for 
the Jimbour X BG212 RIL population incorporating the polymorphic SSRs already 
identified.  This will allow the comparison with previous linkage maps already 
established for chickpea (Winter et al. 2000, Tekeoglu et al. 2002, Pfaff and Kahl 2003, 
Flandez-Galvez  et al. 2003, Ta’ran 2007).  Defining a dense linkage map for this 
population will then enable QTL analysis for the resistance to Phytophthora. This could 
result in a molecular marker for marker assisted breeding schemes; AFLP marker 
identity can be confirmed by sequencing and subsequent conversion to markers that are 
transferable to other breeding populations (Millan et al. 2006).    
 
It is understood that the Jimbour X BG212 RILs will be field assessed again for their 
response to P. medicaginis in a subsequent season (pers. comm. Ted Knights DPI 
NSW).  The availability of two phenotype data sets is valuable for adding to the power 
of the QTL analysis, potentially revealing a reliable QTL (and marker) for P. 
medicaginis resistance that remains stable with varying environmental interactions. To 
then determine the functional gene involved in this resistance and be able to confer this 
in related legumes, the original comparative mapping approach should be reinstated.  
Identifying and positioning medicago-based SNP markers on the chickpea linkage 
groups could identify the orthologous linkage group in M. truncatula allowing the 
concentration of resources to identify and ultimately map-base clone the resistance 
gene.  Establishing a dense comparative map in chickpea is important in this 
economically important crop species and will help lead to durable resistances to biotic 169 
 
and abiotic stress and advancement of desirable trait qualities that will increase 
productivity (Millan et al. 2006).  
 
Also of importance to maximise the potential of the cultivated gene pool is the 
introduction of diverse alleles from wild progenitors of chickpea (Singh and Ocampo 
1997, Abbo et al. 2003, Croser et al. 2003, Knights et al. 2008).  Low levels of allelic 
diversity in the C. arietinum gene pool have hampered efforts by breeders to produce 
lines with superior biotic and abiotic stress resistance, leading to the worldwide 
stagnation of chickpea yield (Singh and Ocampo 1997, Pfaff and Kahl 2003).   
Concentrated breeding efforts on the introgression of diverse alleles from compatible, 
wild species has resulted in real observations of hybrid vigour, transgressive segregation 
and increased pathogen resistance (Singh and Ocampo 1997, Croser et al. 2003).  These 
observations indicate the potential for producing favourable gene combinations through 
interspecific gene amalgamation.  
 
Breeding efforts in the development of interspecific crosses between C. arietinum and 
C. echinospermum have resulted in populations that have derived most of their varying 
resistances to Phytophthora, Ascochyta and root lesion nematode from the wild parent 
(Knights et al. 2008).  In this study marker screening of the chickpea parental cultivar 
Howzat and C. echinospermum parental line ILWC246 revealed 122 size polymorphic 
chickpea markers (Table 5.5) and initial screening for medicago-based markers 
containing SNPs indicated 50% of the gene-based markers have sequence-identified 
base pair differences (Table 5.3). This is sufficient to produce a linkage map without 
employing AFLP markers and will also allow comparison with M. truncatula.  
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At the time of this study insufficient seed was available for established methods of field 
trial assessment of this interspecific cross, so efforts were concentrated on genotyping 
the intraspecific cross while RIL generations were extended further. However, samples 
of individual F3 plants are stored for DNA extraction.  Bulked F3 family DNA can be 
used to reveal the genotype of the F2 plant for each polymorphic marker to produce a 
linkage map.  It is recommended to complete a linkage map in preparation for 
phenotypic data collection.  It is understood that F4 RILs of the Howzat X ILWC246 
population have since been screened in the field and a method for screening in the 
glasshouse was developed to be able to screen families with restricted numbers of seed 
(pers. comm. Ted Knights and Kevin Moore, DPI NSW). This interspecific population 
represents a rich source of diverse allele’s introgressed from the wild parent which 
specifically could reveal molecular markers for P. medicaginis resistance but also 
potentially for other variable traits between the two parents. 171 
 
6  CHAPTER 6 – INVESTIGATING THE MOLECULAR 
INTERACTIONS BETWEEN PHYTOPHTHORA MEDICAGINIS AND 
MEDICAGO TRUNCATULA. 
6.1  INTRODUCTION 
The M. truncatula community has developed a range of genetic and genomic tools for 
this model plant that allows researchers to investigate and decipher the underlying 
molecular mechanisms involved in plant microbe interactions (Ane et al. 2008).   
Investigations of defence associated mutants, hairy root transformations via 
Agrobacterium rhizogenes and gene expression profiling by real time quantitative 
reverse transcription PCR (RTqPCR) were three such tools attempted for further 
investigation of molecular interactions between P. medicaginis and M. truncatula 
described in this chapter.   
 
Transformation and the characterisation of defence associated mutants of model plants 
have allowed the elucidation of defence signalling pathways through functional 
genomics (Tonsor et al. 2005).  The ethylene pathway has been dissected in detail using 
these functional genomics tools particularly in A. thaliana (Chen et al. 2005, van Loon 
et al. 2006b).  Defence associated mutants and transformation of other plant species has 
indicated that the basic defence signalling pathways, including ethylene, are conserved 
between plant species (Anderson et al. 2005). This conservation has provided a 
beneficial basis from which to draw knowledge to apply to different pathosystems, 
including those involving M. truncatula.   
 
The M. truncatula characterised defence mutant sickle (skl1) is named for its sickle-
shaped zone of nodulation. It was derived from the accession Jemalong (A17) by 172 
 
ethylmethane sulfonate (EMS) mutagenesis and is known to be insensitive to ethylene 
by its lack of the typical triple response after exposure to exogenous ACC (1-
aminocyclopropane carboxylic acid), the immediate ethylene precursor (Penmetsa and 
Cook 1997).  This triple response results in three obvious traits in germinating seedlings 
- a shortened hypocotyl, an exaggerated curl of the hypocotyl hook and radial swelling 
of the hypocotyl (Wang et al. 2002).  A variable response to pathogenic inoculation by 
this defence mutant compared with the background genotype can indicate the role of 
ethylene in defence. 
 
Stable, efficient transformation is a key tool for investigating molecular interactions, 
offering the ability for overexpression, suppression or complementation of genes to 
elucidate their function (Somers et al. 2003).  In legumes this is commonly attained by 
Agrobacterium mediated transformation.  The inherent regeneration difficulties of 
transgenic plants have been somewhat negated in M. truncatula by using A. rhizogenes.  
This soil pathogen can facilitate the production of transformed ‘hairy roots’ by co-
transformation with resident T-DNA root locus ( rol) genes.  These genes are 
responsible for root proliferation.  Composite plants are created with transformed roots 
but non-transformed shoots.  This process is simple and rapid, resulting in stably 
transformed root systems, adapted particularly for studies on root-specific microbe 
interactions (Somers et al. 2003, Chabaud et al. 2006).  Use of a mildly virulent strain 
of A. rhizogenes (Arqua-1) results in M. truncatula transformed roots that are similar in 
morphology and growth to normal roots.  
 
Constructs used in transformations typically employ an easily monitored reporter gene 
such as luciferase (Murray et al. 2005, Tanaka et al. 2006).  In-vivo bioluminescence of 173 
 
seedlings with luciferase reporter constructs indicates the activation of the fused 
promoter.  Promoters utilised in studies of plant defence are obtained from genes whose 
products are involved in stress responses. One such family of genes encode glutathione 
S-transferases (GST). Enzymes encoded by these genes are involved in a range of stress 
responses (Edwards et al. 2000).  PR proteins are also involved in various responses to 
stress.  Promoters identified from some jasmonate and ethylene responsive PR genes 
contain DNA-binding domains (termed GCC boxes) to which ethylene response factors 
(ERFs) of a number of plant species directly bind (Buttner and Singh 1997, Fujimoto et 
al. 2000, Broekaert et al. 2006).  Transformations using these promoters can also 
indicate the role of ethylene in defence. 
 
Expression profiling in M. truncatula is facilitated by a wide variety of available tools 
allowing insights into the action of defence pathways employed by related legumes 
against various pathogens.  By directly measuring changes in gene expression after 
pathogen exposure, the underlying gene functions in response to pathogen infection can 
identify the defence pathways and individual genes involved in the response.  RTqPCR 
is an established technique designed to accurately quantify low levels of mRNA 
expression (Huggett et al. 2005).  It has fast become a sensitive and reliable method for 
determining expression of individual genes, or for validating large-scale microarray 
analyses in relation to many physiological changes, including those involved in plant 
defence response (Bustin and Nolan 2004).   
 
These tools were employed to explore the pathogenic interaction between P. 
medicaginis and M. truncatula.  This chapter describes the results of these preliminary 
explorations to indicate which defence responses may be important in this interaction 174 
 
for further molecular investigations.  The results observed were compared with 
established molecular research in related pathogenic oomycete interactions. 
 
 
6.2  MATERIALS AND METHODS 
6.2.1  Examining the role of ethylene in the defence response to Phytophthora 
medicaginis. 
6.2.1.1  Zoospore inoculation of Medicago truncatula characterised defence mutant 
sickle (skl1) 
To determine the response of the M. truncatula ethylene insensitive defence mutant 
sickle to P. medicaginis infection, this accession was inoculated along with accessions 
SA8618 (HR), SA30199 (S) and A17 (MR) - the background genotype of sickle, for 
comparison.  M. truncatula accessions were prepared, planted and maintained according 
to the general methods outlined in Chapter 2.2.  The experimental design was a split 
plot of inoculated and non-inoculated plots within five randomised blocks representing 
five repetitions.  Zoospore inoculation of 1-week-old seedlings was performed 
according to methods described in Chapter 2.6 with 1000 zoospores/plant. 
 
6.2.1.2  Ethylene triple response assay 
To determine if any M. truncatula accessions were insensitive to ethylene, a triple 
response assay was performed on eleven accessions (Table 6.1) in comparison to the M. 
truncatula ethylene insensitive defence mutant sickle.  The experimental design was a 
randomised split block design of five treated and five non-treated blocks (repetitions).  175 
 
Seeds germinated according to Chapter 2.2 were put onto each of five 100 mm
2 plates of 
Murashige-Skoog (MS) media with or without 10 µM of ACC.  The eleven accessions 
of M. truncatula and sickle were randomly ordered at the top of each plate, which was 
placed upright on a slant during germination.  Plates were sealed and wrapped in 
aluminium foil to retain darkness and seedlings were allowed to germinate for 4 days at 
20 
oC.  Hypocotyl lengths of germinated seedlings were recorded.   
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Table 6.1: Medicago truncatula accessions treated with exogenous 1-
aminocyclopropane carboxylic acid (ACC) to determine their sensitivity to ethylene in 
comparison with the ethylene insensitive mutant sickle. 
 
Medicago 
truncatula accession
Response to Phytophthora medicaginis 
according to Chapter 3 
SA8618 Highly  resistant 
SA8623 Resistant 
SA21362 Resistant 
A17 Moderately  resistant 
Jester Intermediate 
SA2841 Intermediate 
A20 Moderately  susceptible 
Borung Susceptible 
SA30199 Susceptible 
SA27192 Susceptible 
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6.2.1.3  Agrobacterium rhizogenes hairy root transformation assay. 
To determine the role of ERFs in the defence response to P. medicaginis, M. truncatula 
composite plants transformed with a GCC DNA binding domain and driven by a GST 
promoter to activate a luciferase reporter gene were prepared by A. rhizogenes hairy 
root transformations.  M. truncatula seedlings of P. medicaginis highly resistant (HR) 
accession SA8618, moderately resistant (MR) accession A17 and susceptible (S) 
accessions Borung and SA30199 were used for hairy root transformations. Scarified 
seeds were sterilised by agitating in a 70% ethanol solution until the seed coats were 
just turning a dark brown colour (approximately 30 seconds), then immediately rinsed 
by agitating with three washes of sterile deionised water.  Seeds were germinated as 
described in Chapter 2 on sterile filter paper in sealed Petri dishes.  Once germinated, 
seedlings were aseptically transferred to Farhaeus medium (Limpens et al. 2004) in 90 
mm diameter Petri dishes and raised for approximately 3 days in a 20°C growth 
incubator (16-h photoperiod), before transformation.   
 
A. rhizogenes strain Arqua-1 was used to transform M. truncatula roots with a 
4GCC::LUC construct with selection by kanamycin.  The construct was kindly donated 
by Dr Jonathan Anderson (CSIRO Plant Industry, Western Australia) and was made by 
ligating four GCC elements in front of a -58/+8 GSTF8 minimal promoter fused to a 
luciferase reporter gene (LUC) according to methods employed by Chen and Singh 
(1999). Transformations were performed according to the methods described by 
Chabaud et al. (2006) in the Medicago Handbook. Confirmation of transgenic seedlings 
was done by the observation of bioluminescence using an EG & G Berthold Molecular 
‘Night-Owl’ Light Imager using a 6 minute exposure after a 10 minute delay to allow 
for the decay of auto-fluorescence of chlorophyll. 178 
 
To confirm the viability of the construct three seedlings each of M. truncatula 
accessions SA8618 (HR) and SA30199 (S) on a single plate of Farhaeus media with 
0.5mM of luciferin were exposed to 2000ppm of ethylene for 40 minutes in a sealed 
container. Another control plate with seedlings was also placed in a sealed container but 
not exposed to ethylene. Bioluminescence was recorded for 24 hours as described 
below. 
 
Composite seedlings were transferred to 100mm
2 Farhaeus plates containing 0.5mM of 
luciferin 24 hours prior to inoculation with zoospores of P. medicaginis isolate 
UQ5750.  Zoospores were produced according to Chapter 2.5.  The experimental design 
was a randomised block design of three inoculated blocks and one non-inoculated 
(control plate), initially each with three replicates of M. truncatula accessions SA8618 
and SA30199.  Seedlings were inoculated with 200 zoospores per plant applied directly 
to each individual root system in a 200 µL volume or mock inoculated with sterile soil 
extract (Figure 6.1).  Subsequently, M. truncatula accessions SA8618, A17, SA30199 
and Borung were transformed and assayed together.  The experimental design was as 
described above but with three replicates each of M. truncatula accessions SA8618, 
SA30199, A17 and Borung in each block. One of these replicates was inoculated with 
500 zoospores and the other two replicates were inoculated with 1000 zoospores each.  
The control plate was mock inoculated with sterile soil extract.   
 
The assays were monitored using an EG & G Berthold Molecular ‘Night-Owl’ Light 
Imager. Before inoculation, an initial photograph of the four plates was taken with the 
chamber door open to orientate the positions of each seedling.  Then the chamber door 
was closed and a picture of chlorophyll auto-fluorescence was taken to demonstrate 179 
 
seedling viability.  After an initial 10 minute fluorescence decay delay, bioluminescence 
was measured using a six minute exposure to obtain a base luminescence reading and 
confirm successful root transformations.  After inoculation and 10 minute fluorescence 
decay delay, a sequence of bioluminescent pictures was taken hourly for 48 hours or for 
24 hours for the final experiment.  The bioluminescence picture could be overlaid on 
top of the fluorescence picture to visualise which seedlings were responding to 
treatment (Figure 6.2).  Bioluminescence data was recorded and analysed using 
Berthold Winlight32 software (version 2.80d) and presented as relative to the base 
luminescence reading. 
 
To determine whether disease response was altered by transformation, all seedlings 
were planted into a sand mixture and maintained in a glasshouse as described in Chapter 
2.2 to observe disease progression after the bioluminescence assay.  Seedlings were 
monitored regularly over 14 days and scored as 0 – seedling healthy, 1 – wilting, 2 – 
leaves yellow/brown and desiccated,   3 – Dead. 180 
 
 
Figure 6.1: Medicago truncatula hairy root inoculation.  Inoculum is a 200 µL volume 
of 200 Phytophthora medicaginis zoospores. 
 
 
 
Figure 6.2: Example of the bioluminescence image of 4GCC::LUC transformed 
Medicago truncatula composite roots.  Bioluminescent coloured roots overlaid on an 
auto-fluorescent image (white seedlings) as observed under an EG & G Berthold 
Molecular ‘Night-Owl’ Light Imager. 181 
 
6.2.2  Examining the role of key defence response pathways and downstream 
target proteins in the defence response to Phytophthora medicaginis by 
RTqPCR. 
To gain an insight into the defence pathways that are being activated in the defence 
response to P. medicaginis, four M. truncatula accessions with varying natural 
resistance to P. medicaginis were observed for relative changes in gene expression of 
key enzymes in each of the SA, JA, ET and isoflavonoid defence pathways and in genes 
encoding downstream target proteins.   
 
A time-course experiment was designed using M. truncatula accessions SA8618 (HR), 
SA8623 (R), A17 (MR), A20 (MS), Borung (S) and SA30199 (S).  Seeds were 
germinated and planted for zoospore inoculation of 1-week-old-seedlings at 1000 P. 
medicaginis zoospores/plant according to methods described in Chapter 2, but in this 
instance 40 mL black polypropylene seedling trays were used to enable multiple 
seedlings to be planted in each cell to ensure enough root material was available for 
RNA extraction. The experimental design was a randomised split plot with three blocks 
(replicates) of inoculated and non-inoculated seedlings for each time point of 0, 3, 6, 12, 
24, 48 and 72 hours and 1, 2, 3 and 4 weeks post inoculation.  Five seedlings were 
planted into cells to be harvested at 0, 3, 6, 12, 24 and 48 hours, four seedlings were 
planted for harvesting at 72 hours, three seedlings were planted for harvesting at 1 week 
and two seedlings were planted into cells to be harvested at 2, 3 and 4 weeks.   
 
At harvest, seedlings were extracted and dipped in a bucket of water to remove sand 
from the roots, then pressed dry between paper towels.  Shoots were cut off and the 
roots quickly placed into a 20 mL plastic screw capped tube that was immediately 182 
 
frozen in liquid nitrogen.  All root samples were stored at -80 
oC.  In preparation for 
RNA extraction whole root systems were crushed to a fine powder under liquid 
nitrogen, using an individual marble mortar and pestle for each sample.  These samples 
were collected in 2 mL eppendorf tubes and stored at -80 
oC until RNA extraction could 
be performed. 
 
Total RNA from inoculated and non-inoculated M. truncatula roots was extracted from 
approximately 100mg of tissue using TRIzol Reagent according to the manufacturers’ 
instructions (Invitrogen Corporation, Carlsbad, California, USA).  RNA integrity was 
checked by denaturation on a 1% (wt/vol) agarose gel. Quantification of the total RNA 
was performed spectrophotometrically and a DNAse treatment was carried out on 5 µg 
of total RNA dissolved in diethylpyrocarbonate (DEPC) treated water.   
 
The absence of genomic DNA contamination was confirmed by PCR using a primer 
pair flanking an intron region of a trehalase gene according to Salzer et al. (2000).  
DNAse treatment was repeated on any samples with traces of DNA contamination.   
Quantification of total RNA was again checked spectrophotometrically.  First-strand 
cDNA synthesis from 2 µg (or 1 µg where RNA was limited) of total RNA was 
performed with SuperScript III using oligo(dT) according to the manufacturer’s 
instructions (Invitrogen Corporation, Carlsbad, California, USA). 
 
Resources were limited, so steps were taken to reduce the samples tested for gene 
expression using RTqPCR. Only four M. truncatula accessions were examined - 
resistant accession SA8618, moderately resistant accession A17 and two susceptible 183 
 
accessions, Borung and SA30199.  Only time-points up to 72 hours were examined and 
the three biological replicates of cDNA for each sample were pooled.   
 
RTqPCR with SYBR Green detection was performed with an iCycler (Bio-Rad Inc.). 
Available gene-specific primers were designed by Gao et al. (2007) and Kamphuis 
(2007) from tentative consensus (TC) sequences of the M. truncatula genome that are 
abundant in defence or stress related EST libraries in the TIGR (The Institute for 
Genetic Resources) MtGI (Medicago truncatula Gene Index) database.  Primers were 
chosen for this study to represent a selection of each of the defence related pathways 
(Table 6.2).  The RTqPCR results were captured and analysed using the iCycler MyIQ 
software (Bio-Rad Inc). 
 
Amplification reactions were performed in a final volume of 20 µL with 2.0 µL of 
template cDNA (8 ng/µL), 6 µL of mixed primers (0.5 µL each of 20 µM of forward 
and reverse primers in 5 µL DEPC water) and 12 µL of master mix containing 2.0 µL 
PCR buffer (10X), 1.4 µL MgCl2 (50 mM), 0.4 µL of mixed dNTPs (10 mM), 0.066 µL 
of SYBR green (100X), 0.22 µL of fluorescein (1 µM), 0.08 µL of Platinum TAQ 
polymerase (5 Units/µL) and 7.834 µL of DEPC treated water.  The RTqPCR profile 
was an initial denaturation of 95ºC for 2.5 min, followed by 40 cycles of 95ºC for 15 s, 
60ºC for 30 s, and 72ºC for 30 s. An 11 minute melt curve analysis of 70 to 95ºC, with 
0.5ºC increase per cycle terminating at 10 
oC, was performed at the end to ensure that 
the fluorescence resulted from a single PCR product and did not represent primer dimer 
or non-specific products.   
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Each RTqPCR run contained a control for each primer set with no added template to 
ensure primer dimer did not interfere with amplification detection.  β-actin (TC107326), 
was used as a reference for normalisation to allow comparison between genes, between 
runs and to correct for uneven amounts of sample cDNA. A technical replicate was 
performed in a separate reaction with independent master mixes. If CT values differed 
between technical replicates by >0.9 the sample was repeated.  The average of the two 
most similar CT values was used.  
 
To determine the effects of treatments on the reference gene the 2
–ΔC′T method of Livak 
and Schmittgen (2001) was applied, where ΔC′T = CT of β-actin at time x - CT of β-actin 
at time zero.  To determine the fold change in target-gene expression, normalised to β-
actin and relative to the non-inoculated control at time 0, the 2
–ΔΔCT method of Livak 
and Schmittgen (2001) was applied. Here, ΔΔCT = (CT of the gene of interest - CT of β-
actin) at time x – (CT of the gene of interest - CT of β-actin) at time zero. Comparable 
amplification efficiencies between the target genes and reference gene were calculated 
previously by Gao et al. (2007) and Kamphuis (2007). Expression was considered 
below detection threshold if CT values were greater than 30 and was thus treated as 
having no fold change compared to time zero. 
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Table 6.2: Genes assessed for expression in the Medicago truncatula/Phytophthora medicaginis interaction. 
Gene 
abbreviation  Full name  Tentative Consensus 
Sequence/Source  Related Pathway  Function 
ACC Oxidase  1-aminocyclopropane carboxylic 
acid oxidase  TC106655 (Gao et al. 2007)  Ethylene  Enzyme: Catalyses conversion of ACC to ethylene in the ethylene pathway 
Mt ERF1  Mt Ethylene response factor 1  TC105911 (Gao et al. 2007)  Ethylene  Protein: Induces PR proteins in response to ethylene 
MtERF4.1  Mt Ethylene response factor 4.1  Commercial in confidence  Ethylene (possibly Jasmonic 
Acid)  Protein: Induces PR proteins in response to ethylene 
HEL 1-1  Hevein-like protein 1-1  TC94004 (Gao et al. 2007)  Ethylene  Protein: General stress related protein induced by ethylene 
LOX2  Lipoxygenase 2  TC100141 (Gao et al. 2007)  Jasmonic Acid  Enzyme: Catalyses conversion of linolenic acid to hydroperoxylinolenic acid 
LOX3  Lipoxygenase 3  TC100155 (Gao et al. 2007)  Jasmonic Acid  Enzyme: Catalyses conversion of Linolenic Acid to hydroperoxylinolenic acid in 
the JA pathway 
OPR  12-Oxophytodienoic acid 
reductase  TC94406 (Gao et al. 2007)  Jasmonic Acid  Enzyme: Catalyses conversion of oxophytodienoic acid to oxocyclopentane-1-
octanoic acid in the JA pathway 
PI  Protease inhibitor  TC100490 (Gao et al. 2007)  Jasmonic Acid  Enzyme: Inhibits proteases produced by phytopathogenic organisms 
VSP  Vegetative storage protein  TC93960 (Gao et al. 2007)  Jasmonic Acid  Protein: General defence protein that possesses chitinase activity 
PAL  Phenylalanine ammonia lyase  TC106667 (Gao et al. 2007)  Phenylpropanoid - Salicylic 
Acid/Isoflavonoid 
Enzyme: Catalyses conversion of phenylalanine to cinnamate which can go into 
the isoflavonoid or salicylic acid pathway 
BGL  β-1,3-glucanase  TC98780 (Gao et al. 2007)  Salicylic Acid  Protein: PR protein linked to hypersensitive response and systemic acquired 
resistance 
Chi III  Chitinase III  TC107033 (Salzer et al. 2000)  Salicylic Acid  Protein: PR protein linked to hypersensitive response and systemic acquired 
resistance 
PR5  Pathogenesis related protein 5  TC100682 (Gao et al. 2007)  Salicylic Acid  Protein: Thaumatin-like proteins 
PR10  Pathogenesis related protein 10  TC76513 (Gao et al. 2007)  Salicylic Acid  Protein: Ribonuclease like proteins - "Taxi" molecules functioning to bind 
flavonoids 
CHS  Chalcone synthase  TC106536 (Kamphuis 2007)  Isoflavonoid  Enzyme: Catalyses conversion of 4 coumaroyl-Co A to trihydroxy chalcone in the 
isoflavonoid pathway 
IFS1  Isoflavone synthase 1  TC106939 (Kamphuis 2007)  Isoflavonoid  Enzyme: Catalyses conversion of dihydroxy flavanone to daidzein in the 
isoflavonoid pathway 
IFR1  Isoflavone reductase 1  TC85478 (Kamphuis 2007)  Isoflavonoid  Enzyme: 9th step - Catalyses conversion of hydroxyformononetin to vestitone in 
the isoflavonoid pathway 
IFR2  Isoflavone reductase 2  TC85477 (Kamphuis 2007)  Isoflavonoid  Enzyme: 9th step - Catalyses conversion of hydroxyformononetin to vestitone in 
the isoflavonoid pathway 
β-actin  Beta-actin TC107326  (Gao  et al. 2007)    Reference Gene 186 
 
6.3  RESULTS 
6.3.1  Examining the role of ethylene in the defence response to Phytophthora 
medicaginis 
6.3.1.1  Initial in-vivo bioluminescence experiments 
To determine if the 4GCC::LUC reporter system could be activated by exposure to P. 
medicaginis zoospores, an initial trial was performed on a single plate containing M. 
truncatula A17 composite seedlings transformed with 4GCC::LUC.  Indications were 
that 200 zoospores per plant did activate the luciferase gene at a measurable level 
(Appendix 6.1).  
 
To determine if there was a difference in expression of luciferase between P. 
medicaginis resistant and susceptible M. truncatula accessions, 200 zoospores per plant 
was used to inoculate M. truncatula SA8618 highly resistant (HR) and SA30199 
susceptible (S) composite seedlings.  Three separate experiments did not result in 
luciferase gene activation (results not shown), so to determine if the gene constructs 
were functional when transformed into M. truncatula roots, M. truncatula SA8618 (HR) 
and SA30199 (S) composite seedlings were exposed directly to ethylene gas.  Exposure 
to ethylene resulted in a 10 – 11 fold increase in luciferase expression for accession 
SA30199 (S) but not SA8618 (HR) (Appendix 6.2), prompting the question of whether 
accession SA8618 was ethylene insensitive and the role of ethylene insensitivity in 
response to P. medicaginis.  This was investigated using an ethylene insensitive defence 
mutant (Section 6.3.1.2) prior to further in-vivo bioluminescence experiments (Section 
6.3.1.3).  
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6.3.1.2  Ethylene triple response assay and response to Phytophthora medicaginis by 
ethylene insensitive defence mutant sickle. 
To determine if highly resistant accession SA8618 and other selected resistant 
accessions of M. truncatula were ethylene insensitive compared to a selection of 
susceptible accessions, an ethylene triple response assay was performed.  In 
conjunction, the response of ethylene insensitive mutant sickle to P. medicaginis was 
determined by zoospore inoculation to establish whether ethylene plays a role in the 
defence response.   
 
In the triple response assay, all of the M. truncatula accessions showed reduced 
hypocotyl length in response to ACC compared to seedlings that were not exposed 
except for the ethylene insensitive mutant sickle (Figure 6.3).  The typical triple 
response to ACC of shortened hypocotyl lengths, exaggerated hypocotyl hook and 
radial swelling of the hypocotyl are typically illustrated in accession SA8618 (HR) 
compared with the lack of these responses in the ethylene insensitive M. truncatula 
mutant sickle (Figure 6.4). 
 
P. medicaginis zoospore inoculation of M. truncatula ethylene insensitive mutant sickle 
indicated it was hypersensitive to the pathogen (Figure 6.5).  Disease symptoms were 
obvious within 3 days of inoculation and death eventuated within 2 - 3 weeks.  This was 
earlier than susceptible accession SA30199 where disease symptoms were obvious 
within 7 days and death/near death eventuated within 4 weeks (Figure 6.6).  Highly 
resistant accession SA8618, moderately resistant accession A17 and susceptible 
accession SA30199 responded to inoculation in manners consistent with their 
designations (Figures 6.5 and 6.6).  
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6.3.1.3  Subsequent in-vivo bioluminescence experiments 
Given that the gene constructs were functional in accession SA30199 and that SA8618 
was not ethylene insensitive, the transformation procedure was repeated with four M. 
truncatula accessions.  SA8618 (HR), SA30199 (S), A17 (MR) and Borung (S) 
composite seedlings were also exposed to a greater amount of inoculum to determine if 
this would affect the activation of the luciferase gene.  
 
The luciferase gene was activated in all four accessions at both 500 and 1000 P. 
medicaginis zoospores/plant (Figures 6.7A and 6.7B).   The response to inoculation by 
both S accessions SA30199 and Borung was stronger than accessions SA8618 (HR) and 
A17 (MR), except for SA30199 inoculated with 1000 zoospores/plant, which was 
similar in response to SA8618  (Figures 6.7A and 6.7B).  The response to inoculation 
by the susceptible accessions was earlier than the SA8618 (HR) and A17 (MR) 
accessions, with intensity curves peaking at three hours, except for Borung (S) 
inoculated with 500 zoospores/plant, which peaked at four hours like accessions 
SA8618 (HR) and A17 (MR) (Figures 6.7A and 6.7B).  Response to inoculation was 
stronger in SA8618 (HR) seedlings than A17 (MR) seedlings (Figure 6.7A).   
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Figure 6.7: Relative in vivo bioluminescence response of A) Phytophthora medicaginis highly resistant (HR) or moderately resistant (MR) or B) 
susceptible (S) Medicago truncatula composite seedlings transformed with 4GCC::LUC in response to inoculation with 0 (Control), 500 (Inoc500) or 
1000 (Inoc100) zoospores/plant. 
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6.3.1.4  Disease progression in Medicago truncatula composite seedlings 
After the final in-vivo bioluminescence assay represented in Figure 6.7, these seedlings 
were planted and transferred to the glasshouse to observe disease progression.  Disease 
progressed quickly in all inoculated seedlings. The first symptoms of wilting were 
obvious within 24 hours and most inoculated seedlings progressed towards the point of 
yellowing/desiccated leaves within four days (Figure 6.8).  The disease progression 
trends were slightly delayed in seedlings inoculated with 500 zoospores compared with 
those inoculated with 1000 zoospores (Figure 6.8). The disease progression trends for 
accession SA8618 (HR) and accession A17 (MR) were slower than for susceptible 
accessions Borung and SA30199 at both inoculum levels. All accessions showed 
significant disease symptoms compared to the non-inoculated seedlings (Figure 6.8).   
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Figure 6.8: Phytophthora medicaginis disease progression in A) resistant and moderately 
resistant and B) susceptible Medicago truncatula composite seedlings transformed with 
4GCC::LUC.  Score – 1: Wilting, 2: Yellow/desiccating leaves, 3: Dead.  
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6.3.2  Examining the role of key defence response pathways and downstream 
target proteins in the defence response to Phytophthora medicaginis by 
RTqPCR. 
In the glasshouse zoospore inoculation experiment, all M. truncatula seedlings 
harvested after 1 week post inoculation with P. medicaginis exhibited the expected 
disease progression that was observed for each accession in previous inoculation 
experiments (Chapter 3), indicating that the zoospore inoculation event was successful.  
 
RNA integrity of each sample at each time point was checked by denaturation on a 1% 
(wt/vol) agarose gel and visualised under UV.  Hard copy photographic images of intact 
RNA bands confirmed the integrity of each sample; however, these were not clear 
enough to be reproduced digitally for inclusion in this thesis.  
 
Only the graphs of RTqPCR analysis of those genes that are further discussed in relation 
to the molecular interaction resulting in possible resistance strategies of M. truncatula 
against P. medicaginis are presented.  Graphs of the remaining genes listed in Table 6.2 
are located in Appendix D.  This includes the graphs of the five genes tested that are 
associated with the JA pathway, which did not exhibit any pathogen related expression. 
 
6.3.2.1  Reference gene clarification 
To illustrate the effectiveness of β-actin as a reference gene a minimum of 12 technical 
replicates, one from each RTqPCR run, were graphed (Figure 6.9).  β-actin expression 
varied up to 2.2 fold difference over the first 72 hours of the experiment (Figure 6.9).  
There was variation in expression between inoculated and non-inoculated root tissue of 195 
 
all the M. truncatula accessions at 48 hours and of accession SA30199 at 24 hours 
(Figure 6.9).  
 
To determine if this was due to differential expression in response to varying 
experimental treatments the relative expression of β-tubulin (TC106368) was also 
determined from a single run of two replicates (Figure 6.10).  β-tubulin expression also 
varied up to 2.9 fold difference over 72 hours and in expression between inoculated and 
non-inoculated root tissue of all the M. truncatula accessions at 48 hours and of 
accession SA30199 at 6 and 24 hours (Figure 6.10).  Implications of these observations 
are discussed. 
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Figure 6.9: Expression of β-actin (TC107326) relative to non-inoculated controls at time zero 
in Medicago truncatula roots over 72 hours. Inoculated (Inoc’d) or non-inoculated (Control) 
with Phytophthora medicaginis zoospores. Bars indicate the standard error of 12 technical 
replicates. 
 
 
 
Figure 6.10: Expression of β-tubulin (TC106434) relative to non-inoculated controls at time 
zero in Medicago truncatula roots over 72 hours. Inoculated (Inoc’d) or non-inoculated 
(Control) with Phytophthora medicaginis zoospores. Bars indicate the standard error of 2 
technical replicates. 
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6.3.2.2   Ethylene related gene expression 
Aminocyclopropane carboxylic acid oxidase 
ACC oxidase expression in accession SA8618 (HR) following inoculation with P. 
medicaginis increased 4.7 fold within 6 hours post inoculation (pi) and was maintained 
for 24 hours pi before returning to levels similar to that of the non-inoculated seedlings 
(Figure 6.11).  Expression of this gene in accession A17 (MR) steadily increased after 
24 hours pi up to 3.4 fold by 72 hours pi.  Accession SA30199 (S) exhibited a transient 
6 fold increase at 6 hours pi and rose again at 72 hours pi.  ACC oxidase expression by 
accession Borung (S) was the highest, peaking at 6 hours pi (4.5 fold), 24 hours pi (8.8 
fold) and 72 hours pi (7.3 fold). 
 
Medicago truncatula ethylene response factors 
There was a temporary 3.7 fold induction of Mt ERF1 expression by accession SA8618 
(HR) at 12 hours pi, but otherwise expression of this gene was similar to non-inoculated 
seedlings (Figure 6.12).  Expression of Mt ERF1 in accession A17 (MR) began 
increasing above 5 fold after 6 hours pi and peaked markedly at 48 hours pi up to 22.6 
fold higher than at time 0.  Accession SA30199 (S) peaked at 6 hours pi by 10.7 fold 
and again up to 6.4 fold at 48 hours pi.  There was a sustained induction of Mt ERF1 
around 5 fold between 6 and 24 hours pi by accession Borung (S) that decreased by 48 
hours pi but was induced again at 72 hours pi.  There was no pathogen related induction 
of Mt ERF4.1 in any of the M. truncatula accessions (Appendix 6.3). 198 
 
Hevein-like protein 1-1 
There were distinct increases in the expression of HEL protein 1-1 for accession A17 
(MR) and the susceptible accessions Borung and SA30199 (Figure 6.13).  A17 (MR) 
seedlings exhibited a 75.3 fold increase in expression of this protein between 48 and 72 
hours pi.  The increase in expression in the susceptible seedlings was initiated earlier, 
markedly increasing from 24 hours pi up to 95.0 and 50.4 fold for Borung and SA30199 
seedlings respectively at 72 hours pi.  In the SA8618 (HR) seedlings expression of HEL 
protein 1-1 also gradually increased up to 6.7 fold by 48 hours pi and remained at 5.9 
fold at 72 hours pi.   199 
 
 
 
Figure 6.11: Expression of 1-aminocyclopropane carboxylic acid oxidase (ACC 
Oxidase) relative to the reference gene β-actin and to non-inoculated controls at time 
zero in four Medicago truncatula accessions differing in response to inoculation with 
Phytophthora medicaginis. 
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Figure 6.12: Expression of Medicago truncatula ethylene response factor 1 (ERF1) 
relative to the reference gene β-actin and to non-inoculated controls at time zero, in four 
M. truncatula accessions differing in response to inoculation with Phytophthora 
medicaginis. 
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Figure 6.13: Expression of hevein-like protein 1-1 relative to the reference gene β-actin 
and to non-inoculated controls at time zero, in four Medicago truncatula accessions 
differing in response to inoculation with Phytophthora medicaginis. 
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6.3.2.3  Salicylic Acid related gene expression 
Phenylalanine ammonia lyase 
Expression of PAL increased transiently to 17.8 fold at 12 hours pi in the SA8618 (HR) 
seedlings (Figure 6.14).  This also occurred in accession SA30199 (S), which increased 
9.1 fold.  PAL was not expressed in A17 (MR) seedlings.  There was a marked 
induction of PAL in all Borung (S) seedlings at 12 hours pi and in non-inoculated 
seedlings at 48 hours pi (Figure 6.14). 
 
Pathogenesis related protein 5 
PR5 expression (Figure 6.15) by SA8618 (HR) seedlings increased to 6.5 fold at 72 
hours pi. Expression of this gene by A17 (MR) seedlings markedly increased from 24 to 
72 hours pi up to 139.1 fold.  Accession SA30199 (S) also exhibited a marked increase 
to 47.5 fold at 72 hours pi.   
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Figure 6.14: Expression of phenylalanine ammonia lyase (PAL) relative to the reference 
gene β-actin and to non-inoculated controls at time zero, in four Medicago truncatula 
accessions differing in response to inoculation with Phytophthora medicaginis. 
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Figure 6.15: Expression of pathogenesis related protein 5 (PR5) relative to the reference 
gene β-actin and to non-inoculated controls at time zero, in four Medicago truncatula 
accessions differing in response to inoculation with Phytophthora medicaginis. 
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6.3.2.4  Isoflavonoid related gene expression  
The expressions of four genes associated with the isoflavonoid pathway were studied in 
the M. truncatula/P. medicaginis interaction (Table 1).  There was no pathogen related 
expression of chalcone synthase (Appendix 6.3).   
 
Isoflavone synthase 1 
IFS1 expression by SA8618 (HR) seedlings transiently increased 4.5 fold compared to 
time 0 at 24 hours pi (Figure 6.16).  At 72 hours pi, expression of IFS1 was increased in 
A17 (MR) seedlings to 3.3 fold (Figure 6.16). There was a differential increase in IFS1 
expression in seedlings of accession Borung (S) at 6 hours pi up to 3.7 fold however, 
expression of this gene was noted in both inoculated and non-inoculated seedlings of 
both the susceptible accessions so there were no real considerable differences observed 
(Figure 6.16). 
 
Isoflavone reductase  
IFR1 and IFR2 expression by SA8618 (HR) seedlings transiently increased at 24 hours 
pi to 4.5 and 3.7 fold respectively compared to time 0 (Figures 6.17 and 6.18).  In 
seedlings of the A17 (MR) accession, expression of IFR1 increased to 2.1 and 2.0 fold 
at 12 and 48 hours pi respectively and expression of IFR2 increased to 2.9 and 2.5 fold 
at 48 and 72 hours pi respectively (Figures 6.17 and 6.18).  Both IFR1 and IFR2 were 
differentially expressed in by accession Borung (S).  IFR1 increased up to 3.5 and 2.8 
fold at 12 and 24 hours pi (Figure 6.17) and a sustained increase of IFR2 up to 4.7 fold 
between 6 and 24 hours pi was observed (Figure 6.18).  Transient increases in 
expression of IFR1 and IFR2 were observed in accession SA30199 (S). These were up 206 
 
to 2.3 fold at 12 hours pi for IFR1 and up to 6.9 fold at 6 hours pi and 4.1 fold at 48 
hours pi for IFR2 (Figures 6.17 and 6.18). 207 
 
 
Figure 6.16: Expression of isoflavone synthase 1 (IFS1) relative to the reference gene β-
actin and to non-inoculated controls at time zero in four Medicago truncatula 
accessions differing in response to inoculation with Phytophthora medicaginis. 
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Figure 6.17: Expression of isoflavone reductase 1 (IFR1) relative to the reference gene 
β-actin and to non-inoculated controls at time zero, in four Medicago truncatula 
accessions differing in response to inoculation with Phytophthora medicaginis. 
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Figure 6.18: Expression of isoflavone reductase 2 (IFR2) relative to the reference gene 
β-actin and to non-inoculated controls at time zero, in four Medicago truncatula 
accessions differing in response to inoculation with Phytophthora medicaginis. 
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6.4  DISCUSSION 
6.4.1  RTqPCR reference gene clarification 
The purpose of an internal reference gene is to allow comparison between genes and 
between PCR runs that may vary in amplification efficiency.  It also corrects for uneven 
sample amounts of both total RNA added to the reverse transcription reaction and the 
resultant cDNA (Livak and Schmittgen 2001, Bustin et al. 2005).  Internal reference 
genes are generally from among those genes necessary for basic cell survival (Pfaffl 
2001). An internal reference gene should ideally be constitutive and constant in its 
expression and should not vary between different tissue states or under varying 
experimental treatments (Vandesompele et al. 2002).   
 
β-actin expresses moderate levels of a cytoskeleton protein throughout many different 
cells and is commonly used as an internal reference gene for RTqPCR (Bustin 2000).  In 
this instance β-actin expression varied up to 2.2 fold at different times over the first 72 
hours of the experiment.  There was also noticeable variation between inoculated and 
non-inoculated root tissue of all the M. truncatula accessions at 48 hours and of 
accession SA30199 at 24 hours (Figure 6.9). This prompted the testing of β-tubulin, 
another common internal reference gene involved in cell structure.  The same 
observations were apparent, although they were more erratic due to a single replicate in 
one RTqPCR run, (Figures 6.9 and 6.10).   
 
This implicated inefficiencies at some point during the RNA extraction or quantification 
or cDNA production, rather than suggesting these common internal reference genes 
were both differentially expressed in response to varying experimental treatments.   211 
 
Further strategies for achieving normalisation include ensuring a similar sample weight, 
using a similar amount of RNA for the reverse transcription and a similar amount of 
cDNA in PCRs (Hugget et al. 2005).  Where this is not possible the unequal amounts 
are accounted for by use of the Livak and Schmittgen (2001) calculation methods 
(section 6.2.1.3).  All these strategies were employed in this experiment.  Thus it can be 
assumed that the observed variability in expression of the housekeeping gene is also 
reflected in the expressed genes, which are normalised when using the method of Livak 
and Schmittgen (2001).  Given these explanations, it was considered that β-actin was 
satisfactory to use as an internal reference gene for normalisation.  
 
Complementary to this was the investigation approach. Using the Livak and Schmittgen 
(2001) method and the strategy of pooling biological replicates, the aim was a broad 
assessment of many genes to gain an indication of which defences are activated in 
response to P. medicaginis.  This was for further guidance in future molecular 
investigations, not to scrutinize particular genes or pathways in depth.  Relative changes 
in expression determined from pooled samples can identify potential gene involvement 
for confirmation by biological replicates.  The defence pathways potentially involved in 
the  P. medicaginis/M. truncatula interaction are discussed below from the results 
obtained using the three molecular methods described.  
 
6.4.2  Ethylene-related gene expression 
Ethylene is a stimulus to active resistance against pathogen attack (Broekaert et al. 
2006).  But ethylene is also a well known inducer of necrosis, chlorosis and senescence, 
indicating that perception of this hormone can also lead to increased disease symptom 
severity (Hoffman et al. 1999, Geraats et al. 2002, van Loon et al. 2006b).  In these 212 
 
instances the plant’s strategy is to prevent pathogen advance by sacrificing parts of itself 
before the pathogen encroaches into healthy tissue.  Thus ambiguously, ethylene 
insensitivity has also been implicated in increased tolerance to plant pathogens (van 
Loon et al. 2006b).  The initial indication that highly resistant M. truncatula accession 
SA8618 may be ethylene insensitive when the composite plants did not respond to 
ethylene gas (Appendix 6.2), lent itself to the theory that ethylene insensitivity was a 
reason for resistance to P. medicaginis.  Reduced disease severity in response to 
Phytophthora sojae has previously been noted in the soybean ethylene resistant mutant 
etr2-1 (Hoffman et al. 1999). There has also been reduced disease severity in response 
to other soil-borne pathogens. Arabidopsis etr1-1 and tomato ‘never ripe’ ethylene 
insensitive mutants showed increased resistance to Ralstonia solanacearum and 
Fusarium oxysporum respectively (Hirsch et al. 2002, Lund et al. 1998).  These same 
mutants, as well as the Arabidopsis ethylene insensitive mutant ein2, were also more 
tolerant to the bacterial pathogens Pseudomonas syringae or Xanthomonas campestris 
(Bent et al. 1992, Lund et al. 1998, Hoffman et al. 1999).   
 
To examine this theory further, highly resistant M. truncatula accession SA8618 and 
other accessions exhibiting varying degrees of resistance to P. medicaginis (SA8623, 
Jester, SA21362, SA2841) were tested for their response to ACC.  Results showed that 
all of these accessions exhibited a clear triple response to exogenous ACC, the same as 
the susceptible accessions (A20, Borung, SA30199, SA27192) (Figure 6.3). In 
conjunction with this, the ethylene insensitive mutant sickle was actually shown to be 
hypersensitive to P. medicaginis in a zoospore inoculation experiment (Figure 6.5).   
Thus, ethylene insensitivity was not a factor in resistance to P. medicaginis.  What was 
highlighted was that ethylene was important in the moderate resistance to P. 213 
 
medicaginis of M. truncatula accession A17.  The mutation in the perception or 
transduction of ethylene in A17 (MR) that resulted in the mutant genotype of sickle, 
hypersensitive to P. medicaginis, has implications in the breakdown of moderate 
resistance (Figures 6.5 and 6.6).  This result confirms that found by Mejia (2004), who 
also showed that sickle was hypersensitive to P. medicaginis.  Mejia (2004) also 
reported that publication is in preparation to show that the mutant skl gene of sickle has 
been cloned and has homology to ein2 of A. thaliana.  This A. thaliana gene codes for a 
membrane protein known to be an integral positive regulator of the ethylene pathway.  
It is crucial for signal transduction because ein2 mutations result in complete ethylene 
insensitivity (Wang et al. 2002, Li and Guo 2007).  Due to its own complete ethylene 
insensitivity and homology to ein2, the skl gene is thus hypothesised to act similarly in 
ethylene signal transduction by M. truncatula (Penmetsa and Cook 1997, Mejia 2004).  
Just as sickle was hypersensitive to P. medicaginis in this investigation, Arabidopsis 
ein2 mutants are hypersensitive to soil-borne oomycete Pythium spp. and the 
necrotrophic fungus Botrytis cinerea (Thomma et al. 1999, Geraats et al. 2002).  Also, a 
different genotype of ethylene insensitivity in soybean (etr1-1), conversely to the 
previously mentioned etr2-1, can severely compromise P. sojae resistance (Hoffman et 
al. 1999).  Most recently Francia et al. (2007) observed that tomato ‘never-ripe’ (nr) 
mutants deficient in ethylene perception were more susceptible to root inoculation with 
P. capsici than wild-type plants. 
 
The effect of ethylene on defence response is not straight forward and is more likely to 
be influenced by pathosystem-dependent factors and host genotype interactions 
(Okubara and Paulitz 2005).  Host genotype had a bearing on the expression of the 
luciferase gene in the final hairy root assay.  The increase in luminescence by all of the 214 
 
accessions indicates that the production of ethylene and consequently ERFs after 
inoculation by P. medicaginis is a general defence reaction.  This is typical in roots that 
are responding to pathogens (Okubara and Paulitz 2005).  However, the two susceptible 
M. truncatula accessions generally exhibited a much stronger and earlier response to 
inoculation than the highly and moderately resistant accessions (Figure 6.7).  That the 
response varies with the level of resistance indicates that the particular response is 
directed by transcriptional and post-transcriptional modification governed by the host 
genotype interaction (Chen et al. 2005, Broekaert et al. 2006).  These genotype-directed 
modifications alter the concentrations, timing and duration of the signal in the 
transduction pathway to modify its effectiveness (Chen et al. 2005). Delivery of the 
signal then results in specific actions of ERFs, adapted to activate or repress defence 
response genes according to different stimuli (Broekaert et al. 2006).  This ability to 
modify signal transduction at many junctions in the pathway acknowledges ethylene as 
the moderator of stress response (Fujimoto et al. 2000).  The action of specific 
resistance gene responses by accessions SA8618 (HR) and A17 (MR) possibly impact 
on these signal modifications as part of an adaptive process to avoid redundant action by 
the plant.  Initial recognition of a Phytophthora specific elicitor by a genotype specific 
R-gene could result in the regulation of ethylene transcription so that resources for 
general ethylene defence can be redirected.   
 
These suppositions were mirrored by the RTqPCR observations, where key genes 
related to the ethylene pathway and downstream responses were induced to varying 
degrees in all of the inoculated M. truncatula accessions.  ACC oxidase catalyses the 
final step to ethylene production, which in turn induces ERFs to activate defence 
responses by downstream proteins such as hevein-like proteins.  Genes encoding ACC 215 
 
oxidase and ERF1 were induced early and maintained for 24 hours by accession 
SA8618 (HR), leading to a sustained increase up to 6.7 fold in the expression of hevein-
like protein 1-1 (Figures 6.11 – 6.13).  ACC oxidase expression in accession A17 (MR) 
was sustained and increasing, indicating the continued production of ethylene to combat 
the spread of the pathogen (Figure 6.11).  This resulted in a high expression of ERF1 
and subsequently up to 75.3 fold expression of HEL protein 1-1 after 48 hours, much 
higher than that observed in the highly resistant accession SA8618 (Figures 6.12 - 6.13).  
The susceptible accessions showed unsustained erratic bursts in expression of ACC 
oxidase possibly in reaction to initial penetration of the zoospores and repeatedly to 
various stages of pathogen spread and necrosis (Figure 6.11).  ERF1 was induced in 
both susceptible accessions but not to the extent of accession A17 (MR) (Figure 6.12).  
However, both susceptible accessions did show very high expression of HEL protein 1-
1, increasing earlier than accession A17 (MR), from 24 hours pi (Figure 6.13).  Having 
no resistance to P. medicaginis, the susceptible accessions were possibly responding 
with an early general defence reaction.  Hevein is an antimicrobial peptide homologous 
to PR4 from tobacco (Garcia-Olmedo et al. 1998).  Over-expression of a hevein-like 
peptide in transgenic tobacco resulted in enhanced resistance against Phytophthora 
parasitica but not against P. infestans in transgenic potato (Gao et al. 2000, Koo et al. 
2002).  The large increase in the transcription of the hevein-like protein gene observed 
here was insufficient to protect the susceptible M. truncatula accessions.  The 
expression of this protein by accession A17 (MR) must be complemented by other 
defences. The lower transcription of the protein by accession SA8618 (HR) possibly 
indicates that resources for general ethylene defence have been redirected. This may 
have resulted in activation of different and specific R gene responsive defence proteins, 
which are more effective at containing the pathogen after initial penetration by the 216 
 
zoospores. In this case the pattern of hevein-like protein transcription response may 
follow the pattern of pathogen spread in the tissues, which is very low in the highly 
resistant accession and later in the moderately resistant accession than the susceptible 
accessions (Figure 6.13).  
 
6.4.3  Salicylic acid-related gene expression 
PAL is the key regulatory enzyme of the phenylpropanoid pathway (Saunders and 
O’Neil 2004). It catalyses the conversion of phenylalanine to trans-cinnamic acid which 
can be directed into both the SA pathway and the isoflavonoid/flavonoid pathway to 
induce defence related proteins.  Key defence proteins induced by the SA pathway were 
induced in the M. truncatula/P. medicaginis interaction, but were not exclusively 
associated with the resistant accessions.   
 
Transient PAL expression up to 17.8 fold at 12 hours pi by accession SA8618 (HR) 
(Figure 6.14), was the gene most induced by this accession of all those examined in this 
study.  This increased expression did not translate into any marked induction of the SA-
induced defence proteins compared to the other accessions.  There was no pathogen 
induced expression of PAL by accession A17 (MR) (Figure 6.14).  However, PR5 
expression increased to 139.1 fold at 72 hours pi, beginning its rise from 24 hours pi 
(Figure 6.15).  This gene was the highest fold pathogen-induced increase of any of the 
genes in any of the M. truncatula accessions investigated in this study.  In another 
study, ten-day-old P. medicaginis infected roots of M. truncatula accession A17 also 
expressed PR5 as sequences identified in an EST library (Deborah Samac MTB/DSIR – 
TIGR Cat # T1581).  In comparison, expression of PR5 was noticeably lower in 
accession SA8618 (HR) and only one of the susceptible accessions (SA30199) 217 
 
exhibited an increase in PR5 expression, but later and at a third of the effective 
expression of this protein by accession A17 (MR) (Figure 6.17).  This implies that a 
high level of PR5 expression may play a significant role in the moderate resistance 
observed in M. truncatula accession A17, which does not appear to be the same defence 
response that confers a high resistance to P. medicaginis in accession SA8618. 
 
The non-induction of PAL by accession A17 (MR), but significant expression of PR5 
indicates that PR5 may be regulated by something other than SA.  Previously, a root 
specific thaumatin-like protein with high homology to PR5 was shown to be induced in 
Arabidopsis roots by exogenous application with the ethylene precursor ACC (Leon-
Kloosterziel et al. 2005).  There is significant interaction and coordination between 
regulatory networks in response to pathogens and many genes respond to more than one 
defence signal (Schenk et al. 2000, Adie et al. 2007).  Ethylene is known to be involved 
in coordinating the hypersensitive response and PR protein induction in roots (Okubara 
and Paulitz 2005).  Thus, it is plausible that the observed ethylene response by accession 
A17 (MR) also results in PR5 protein accumulation.   
 
PR5s have been associated previously with antimicrobial activity against oomycetes, 
particularly Phytophthora in tomato, potato and tobacco (van Loon et al 2006a).  Partial 
resistance to P. infestans has been observed previously in potato where there are 
constitutive levels of PR proteins including PR5 (Vega-Sanchez et al. 2005).  The 
thaumatin-like protein osmotin in particular has been shown in-vitro to have anti-
oomycete activity against P. infestans and transgenic tobacco and potato plants have 
enhanced resistance against this Phytophthora but not against P. parasitica f.sp. 
nicotianae (van Loon et al. 2006a).  Tomato PR5 significantly protected transgenic 218 
 
orange plants against P. citrophthora, highlighting the potential for transgenic practices 
to be used effectively against soil borne Phytophthora species. (Fagoaga et al. 2001).  In 
a more closely related study, levels of a PR5 type protein in M. truncatula was 
associated with increased tolerance to Aphanomyces euteiches, another root infecting 
oomycete (Colditz et al. 2007).   
 
6.4.4  Isoflavonoid-related gene expression 
As previously discussed, PAL is the key regulatory enzyme that catalyses the 
production of the substrate cinnamate, which can be directed into SA or isoflavonoid 
production.  PAL was the gene most induced of any examined in accession SA8618 
(HR) but it did not translate into any marked induction of the SA-induced defence 
proteins compared to the other accessions.  The induction of PAL expression at 12 
hours pi by accession SA8618 (HR) did however correlate with increases in the 
isoflavonoid related genes IFS1, IFR1 and IFR2 at 12 hours pi (Figures 6.16 – 6.18). 
This may suggest that the transient PAL expression observed in accession SA8618 (HR) 
may have translated into active expression for the production of isoflavonoid 
phytoalexins.  These increases seemed minor in comparison to the type of response 
measured for PR5; IFS1 and IFR1 expression increased 4.5 fold and IFR2 increased 3.7 
fold compared with a 139 fold increase of PR5.  However, this may be explained by the 
pattern of expression in the tissues.  Expression was measured by sampling whole root 
systems.  If the genes encoding enzymes associated with isoflavonoid phytoalexin 
production are expressed only locally in the vicinity of the infection then the expression 
would be diluted compared to the expression of a gene encoding a protein that may act 
systemically.  This may be further investigated by sectioning root systems if 
phytoalexins are shown to be important in the resistance response against P. 219 
 
medicaginis. This may be the case given that prior to functional genomics tools, 
increased production of the phytoalexin medicarpin was implicated in resistance to P. 
megasperma f. sp. medicaginis in alfalfa (Vaziri et al. 1981).  More recently silencing of 
IFS in soybean led to the disruption of R-gene mediated resistance of soybean to P. 
sojae, demonstrating the effectiveness of isoflavonoid phytoalexin production in this 
legume/oomycete interaction (Subramanian 2005).  Also, the accumulation of 
isoflavonoid phytoalexins was positively correlated with binding of the P. sojae cell 
wall elicitor ß-glucan in the roots of alfalfa, bean, chickpea and pea seedlings 
confirming the conservation of pathogen perception sites and possibly common defence 
reactions across related species (Cosio et al. 1996).   
 
In accession A17 (MR) there was no PAL expression (Figure 6.14) and IFS1 expression 
was lower and much later than observed in accession SA8618 (HR) (Figure 6.16).   
There was also minimal pathogen related expression of both IFR1 and IFR2 (Figures 
6.17 and 6.18).  Given that PR5 played a significant role in the moderate resistance 
observed in M. truncatula accession A17, which is possibly induced by ethylene, it 
could be concluded that these responses were favoured at the expense of concerted 
isoflavonoid production.  This underlying molecular distinction may explain the 
difference in the levels of natural resistance against P. medicaginis observed in M. 
truncatula.  There was some expression of the isoflavonoid genes by the susceptible 
accessions that varied in their peak and timing of induction, occurring transiently or 
sustained anywhere between 6 to 24 hours pi (Figures 6.16 – 6.18). Also, expression of 
these genes in the susceptible accessions was not exclusive of other SA-induced defence 
proteins as was accession SA8618 (HR) (Appendix 6.3). One possibility is that these 
unfocussed responses reflect general defence reactions, unlike the possible directed 220 
 
phytoalexin response that could be coordinated by an R-gene in the highly resistant 
accession SA8618, however this requires further investigation.   
 
Worth noting is that PAL is part of a multigene family of seven known possible 
isoforms in M. truncatula (Dixon et al. 2002).  From over-expression and down-
regulation studies the PAL enzyme has been identified as a key mediation enzyme for 
channelling the direction of carbon into particular responses for plant defence (Dixon et 
al. 2002, Ro and Douglas 2004).  This may be a result of the utilisation of different 
metabolic isoforms of enzymes in different complexes, improving the efficiency of 
defence induction (Dixon et al. 2002).  Expression of the PAL gene observed in this 
study and the direction of the defence response into SA-induced defence proteins and/or 
isoflavonoid production differed between all the M. truncatula accessions.  PAL may be 
a key enzyme in the regulation of defence response to P. medicaginis. 
 
 
 
6.4.5  Further investigations 
The general induction of SA rather than JA has been observed previously in the 
soybean/P.sojae interaction which results from the hemibiotrophic habit of 
Phytophthora.  The theory is that as a hemibiotroph, Phytophthora initially triggers a 
committed biotrophic SA defence response, which host plants cannot efficiently modify 
to a JA response when the pathogen shifts to a necrotrophic mode of growth (Moy et al. 
2004).  It could be hypothesised that Phytophthora  has evolved this strategy to 
overcome host defence.  Resistance to other Phytophthora species and oomycetes have 
also been associated with the SA and ethylene induced PR5 proteins and isoflavonoid 221 
 
phytoalexins (Vaziri et al. 1981, Cosio et al. 1996, Fagoaga et al. 2001, Subramanian 
2005, Vega-Sanchez et al. 2005, van Loon et al. 2006a, Colditz et al. 2007).  The 
general observations made in this chapter concur with the involvement of SA or 
ethylene induced defence of PR proteins rather than JA in response to P. medicaginis 
and also maintains the previous observations of the involvement of PR5 and 
isoflavonoid phytoalexins.  However, to fully substantiate the observations made in this 
chapter requires a comprehensive investigation using reverse genetic studies of the 
specific genes observed to be involved, inclusive of possible isoforms and particularly 
with replication.   
 
Agrobacterium rhizogenes mediated transformation proved to be an adequate molecular 
tool to determine the involvement of ethylene in this pathogen interaction and this was 
supported by observations using RTqPCR.  Although all of the infected composite 
seedlings were eventually overcome by P. medicaginis, it was observed that the disease 
progression was slower in accessions A17 (MR) and SA8618 (HR) (Figure 6.11). That 
this observation was apparent under unnatural physiological circumstances indicate the 
resistance was not adversely affected by transformation, just overcome by disease 
pressure.  The ability to transform M. truncatula with constructs employing promoters 
of gene activation in other defence pathways could also reveal their involvement in this 
pathosystem and guide the choice of gene selection for further investigation using 
RTqPCR.  In addition this system may support reverse genetic approaches including 
RNAi mediated gene silencing or overexpression studies to test the role of candidate 
genes in resistance to P. medicaginis. 
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These experiments also do not take into account the basal levels of metabolites that 
occur in different accessions, only the fold increase.  Thus higher fold inductions of 
genes encoding defence metabolites in the susceptible accessions may not be of 
sufficient concentration to trigger plant resistance.  Farag et al (2007) describe 
approaches for metabolic profiling of M. truncatula using various coupling 
combinations of gas chromatography (GC), liquid chromatography (LC), mass 
spectrometric (MS) detection,  high performance liquid chromatography (HPLC), ion 
trap mass spectrometry (ITMS), ultraviolet (UV) absorbance, electrospray ionization 
(ESI) and fluorescence detection (FLU), to detect and profile saponins and phenolics.  
Using HPLC-UV-ITMS and GC-MS they were able to identify, differentiate and 
quantitatively compare phenolic compositions of M. truncatula roots and cell cultures; 
demonstrating significant differences in isoflavonoid compositions between roots and 
cell cultures (Farag et al 2007). Comparative metabolic profiling between non-
inoculated and inoculated P. medicaginis resistant and susceptible M. truncatula 
accessions could reveal quantitative differences in basal levels of defence metabolites 
between accessions, as well as profiling the defence metabolites involved in the 
resistant response.  
 
The utilisation of these molecular tools was an effective approach to deciphering the 
possible molecular interactions between M. truncatula and P. medicaginis and has 
revealed clues to direct future examination of this pathosystem. Specifically in relation 
to this investigation, confirming the involvement of ethylene induced PR5 in the 
moderate resistance to P. medicaginis could be done by repeating the time-course 
experiment and including the sickle genotype to determine the differences in gene 
expression between this ethylene insensitive mutant and its background genotype A17, 223 
 
followed by RNAi mediated gene silencing.  Confirmation of the involvement of 
isoflavonoid phytoalexins in the high resistance response to P. medicaginis also 
warrants further investigation using these approaches. 224 
 
7  CHAPTER 7 – GENERAL DISCUSSION 
Phytophthora medicaginis root rot is a major disease of lucerne in North America and 
Australia and particularly of chickpea in the north-eastern agricultural areas of Australia 
(Kraft et al. 2000, Irwin et al. 2001, Murray 2001, Knights et al. 2008).  Extensive 
lucerne breeding programs have identified simply inherited, dominant sources of 
resistant germplasm leading to substantial yield increases (Irwin et al. 2001, Vandemark 
and Barker 2003).  However, although chickpea breeders are in the process of 
identifying potentially resistant cultivars, there are no highly resistant varieties available 
for widespread commercial release that also contains Ascochyta resistance (Cumming et 
al. 2007, Knights et al. 2008).  Characterisation of host/pathogen interactions is 
essential for determining the underlying genetic and molecular interactions that will 
enable strategies for combating the disease.  However, characterisation of every 
host/pathogen interaction in every important legume species is improbable and many 
crop legumes have large and complex genomes, limiting their ability to be utilised as 
experimental systems (Harrison 2000, Choi et al. 2004b).  By developing model 
interactions, many legume diseases could be studied in one host for transferability 
between legumes, avoiding multiple resource allocation for similar diseases in multiple 
hosts.  
 
Medicago truncatula has been developed as a model to investigate biotic and abiotic 
interactions with legumes.  In order to use this model to investigate interactions with 
Phytophthora, it was necessary to determine the ability of M. truncatula to act as a host 
to various Phytophthora species and to establish a reliable pathosystem that exposed a 
range of responses by M. truncatula to infection.  In Chapter 3, it was determined that 
M. truncatula was an effective host for four broad host range species of Phytophthora – 225 
 
P. medicaginis, P. citrophthora, P. cryptogea and P. drechsleri.  The observed 
resistance to the different Phytophthora species by M. truncatula was accession 
specific, indicating host resistance was associated with a general defence response that 
was not particular to each Phytophthora species.  Upon infection with a number of 
isolates of P. medicaginis, it was also determined that the observed resistance was 
unlikely to be race specific.  This concurs with that observed in M. sativa where races of 
P. medicaginis have not previously been observed (Erwin and Ribiero 1996) and no 
gene-for-gene relationships have been identified with this pathogen.   
 
Glasshouse inoculation methods are more reliable for establishing a standard procedure 
that elucidates consistent results (Bretag et al. 2006, Infantino et al. 2006).  In Chapter 
3, a glasshouse method employing flooding of the roots and inoculation with asexual 
zoospores resulted in a reliable and reproducible screening technique that consistently 
resulted in the same response to infection by six M. truncatula accessions in repeated 
experiments.  This robust pathosystem between M. truncatula and P. medicaginis 
allowed the identification of novel sources of high to moderate resistance and 
susceptibility, to study the mechanisms underlying the host/pathogen interaction.  The 
identification of varying sources of resistance to P. medicaginis in the SARDI core 
collection distinguishes its diversity, as a resource for characterising novel forms of 
resistance.  This allows the study of plant defence, to discover disease resistance sources 
that could be used for increasing levels of pathogen resistance in commercial cultivars 
of related species.   
 
Most disease resistance traits are complex and polygenic; they do not manifest as simple 
Mendelian inheritance and are affected by multiple genetic and environmental 226 
 
interactions (Young 1996, Salvi and Tuberosa 2005).  In Chapter 4, to determine the 
genetic basis of resistance to P. medicaginis, two reciprocal F2 populations were 
produced between accessions A17 (moderately resistant) and Borung (susceptible) and 
between accessions SA8618 (highly resistant) and SA30199 (susceptible).   
Observations of the various cross-pollinations performed for producing suitable 
segregating populations supported an intrinsic intraspecific incompatibility within the 
M. truncatula collection. This manifested as hybrid incompatibility and post-zygotic 
sterility.  Underlying chromosomal rearrangements is one source of this incompatibility. 
The A17/Borung reciprocal F2  populations produced for this study were utilised by 
Kamphuis  et al. (2007) to demonstrate a reciprocal translocation within the A17 
genome.  This emphasises the value of the SARDI M. truncatula core collection as a 
tool for fine mapping, cytological observation and DNA segregation analysis. But also 
highlights that the incompatibility with other accessions may pose problems for 
introgressing disease resistance genes.  If necessary this may be overcome by a more 
complicated series of backcrossing into alternative genotype backgrounds that are not 
incompatible with the accessions harbouring the gene(s) of interest or the accessions 
into which these genes require introgressing. 
 
When challenged with P. medicaginis inoculation, both the A17/Borung and 
SA8618/SA30199 reciprocal F2 populations responded phenotypically with frequency 
distributions that deviated from normality.  This is generally indicative of a segregating 
gene with major effects (Lynch and Walsh 1998), highlighting that these populations 
are a potential resource for determining the genes involved in resistance to P. 
medicaginis.  Additionally, the A17/Borung F2 populations exhibited a 3:1 ratio for 
dominant resistance for both traits, indicating the possibility of a single resistance gene. 227 
 
In Chapter 4, 99 individuals obtained from the A17/Borung reciprocal F2 populations 
were subsequently utilised to construct a M. truncatula genetic map using 84 co-
dominant size polymorphic microsatellite-based markers. It consisted of the expected 
eight linkage groups, with LG4 and LG8 combining into a single linkage group to 
reflect the reciprocal translocation of accession A17 (Kamphuis et al. 2007).  The 
linkage map covered a total span of 519.3cM and mirrored the total length and marker 
order expected of established M. truncatula maps (Choi et al. 2004a; Mun et al. 2006).  
A17 is the reference genotype for sequencing of the M. truncatula genome and well 
known progenitor of other molecular and genetic investigations. Production of a 
molecular linkage map based on A17 from a population that is segregating for P. 
medicaginis resistance is valuable for further investigation of this plant pathogen 
interaction.  This allows direct comparison with resources and molecular tools already 
defined by the medicago initiative for addressing biological interactions pertaining to 
legumes.  
 
A significant achievement of this study was identifying a QTL with a major effect on 
resistance to P. medicaginis.  In Chapter 4, single QTL analysis of two symptoms of the 
same disease and two linked QTL analysis of a single symptom revealed significant 
QTLs on LG6 within the same region, supporting the putative position of the locus and 
its authenticity. The proportion of explained variance (PEV) was as high as 69.5% for 
the proportion of dead/chlorotic leaves.  Coarse QTL mapping of limited recombinant 
individuals and a mapping resolution averaging 8.7 cM between markers was sufficient 
to determine the putative position of a QTL with a major effect on resistance and three 
with possible minor effects.  By increasing the marker density specifically within these 
regions and genotyping a larger number of F2 individuals with these markers a more 228 
 
accurate localisation of the QTLs with both major and minor effects on resistance could 
be obtained.  This will also allow the possibility of map-based or positional cloning for 
determining the candidate resistance genes.  Assessing the segregation ratios for 
resistance phenotypes and genotyping the A17/Borung F3 families will further support 
the findings of this study.  
 
The benefit of using M. truncatula for mapping is that whole genome information is 
available and genes within the region of the QTL can be selected based on putative gene 
function and synteny (Salentijn 2007).  A gene with a major effect is the one most likely 
to be chosen as a candidate gene of interest to breeders for manipulation in breeding 
schemes and for application of molecular markers in the target crop (Tanksley 1993, 
Salentijn 2007).  However, combined action of both major and minor QTLs are more 
durable as polygenic resistance is more complex for pathogen selection to overcome 
(Lindhout 2002, Tivoli et al. 2006b). Hence, a combination of candidate genes of 
interest with both major and minor effects for the application of molecular markers in 
breeding schemes would be more effective.   
 
In this instance the QTL with a major effect for resistance to P. medicaginis on M. 
truncatula LG6 is a promising potential candidate for further exploitation, given that 
this linkage group contains at least 30 TIR-RGAs along the majority of its length (Zhu 
et al. 2002).  Additionally, the three other possible QTLs with minor effects that were 
observed in the mapping population could be resolved to offer further potential 
modifying candidates for more durable resistance.  Further investigation of the response 
to P. medicaginis in F3 families of the A17/Borung reciprocal populations is ongoing to 
further resolve the position of the QTLs observed.  229 
 
M. truncatula LG6 broadly corresponds to chickpea LG2 (Zhu et al. 2005, Choi et al. 
2006).  QTLs for resistance to both Ascochyta and Fusarium are closely localised on 
chickpea LG2 along with several RGAs and pathogenesis related genes, identifying this 
linkage group as a possible “hot spot” for pathogen related defence (Millan et al. 2006).  
This is a promising prospect for identifying a conserved gene for resistance to P. 
medicaginis across legume species.  However, determining orthologous genes between 
species requires finer comparative mapping with M. truncatula.   
 
Breeders at the NSW DPI have already produced chickpea populations segregating for 
resistance to P. medicaginis. An attempt in Chapter 5 to comparatively map the medic 
and chickpea genomes using common gene-based markers was thwarted by the lack of 
polymorphisms between the closely related Cicer arietinum parents Jimbour and 
BG212.  Further attempts to construct a map of the Jimbour X BG212 F7 RIL 
population using chickpea SSRs was also limited by the close genetic relatedness of 
these two cultivars.  However, this population showed a bimodal distribution in disease 
scores in response to infection, indicative of a segregating gene with potential major 
effects on resistance.  Combined with this, variance component analysis indicated that 
57.15% of the differences in variance could be attributed to a genetic component.  The 
Jimbour X BG212 RIL population represents a significant resource for determining 
genes with potential for the application of molecular markers in the target crop.  To 
exploit this resource, alternative approaches to producing a dense genetic map can be 
instigated.  AFLPs facilitate the fast and efficient construction of dense genetic maps 
(Savelkoul et al. 1999, Meudt and Clarke 2007) and their identity can be confirmed by 
sequencing and subsequent conversion to markers that are transferable to other breeding 
populations (Millan et al. 2006).  This is particularly useful to amplify and locate 230 
 
polymorphic loci in populations where genetic variability is low (Meudt and Clarke 
2007).   
 
The low levels of allelic diversity in the C. arietinum gene pool have hampered efforts 
by breeders to produce lines with superior biotic and abiotic stress resistance (Singh and 
Ocampo 1997, Pfaff and Kahl 2003).  By introducing diverse alleles from wild 
progenitors of chickpea there is potential for improving the cultivated gene pool to 
enhance hybrid vigour and transgressive segregation and increase pathogen resistance. 
Breeding efforts in the development of an interspecific cross between C. arietinum 
cultivar Howzat and C. echinospermum ILWC246 have resulted in a RIL population 
that has derived most of its varying resistances to Phytophthora, Ascochyta and root 
lesion nematode from the wild parent (Knights et al. 2002, 2008).  In Chapter 5, 122 
size polymorphic chickpea SSR markers were identified between these parents and 50% 
of the medicago gene-based markers contain sequence-identified base pair differences.  
This is sufficient to produce a linkage map without employing AFLP markers and will 
also allow comparative mapping with M. truncatula.  Further genotyping of bulked F3 
family DNA is ongoing for this purpose.  The production of a dense marker map for this 
population will then enable QTL analysis from phenotyping data once it is available.  
This interspecific population represents a rich source of diverse alleles introgressed 
from the wild parent which specifically could reveal molecular markers for P. 
medicaginis resistance but also potentially for other variable traits between the two 
parents. 
 
The ultimate aim of identifying beneficial traits in model species is to translate this into 
crop improvement in related species.  A candidate gene approach assumes that 231 
 
positional candidate genes, those which co-localise with a trait of interest, or functional 
candidate genes, those with a proven or predicated function in the model species, 
control a similar function in the related target crop (Salentjin et al. 2007).  Determining 
positional and functional candidate genes concurrently can accelerate the validation of a 
gene of interest and its usefulness in a target crop. Understanding the mechanisms of 
resistance underlying the candidate resistance genes as well as identifying them, 
improves the efficiency of marker assisted selection and transgenic approaches for 
successful application of biotechnology (Dita et al. 2006).  A range of genetic and 
genomic tools have been identified by the medicago community for identifying gene 
function.  In Chapter 6 the investigations of defence associated mutants, hairy root 
transformations via Agrobacterium rhizogenes and gene expression profiling by 
RTqPCR were three such tools attempted to explore the pathogenic interaction between 
P. medicaginis and M. truncatula.  The aim of these explorations was to gain an insight 
into the defence pathways that may be important in this interaction for further molecular 
investigations that could complement the identification of QTLs. 
 
Characterisation of the ethylene insensitive M. truncatula defence associated mutant 
sickle, highlighted that the response to ethylene was a key factor in the moderate 
resistance of A17 to P. medicaginis.  sickle was shown to be hypersensitive to P. 
medicaginis due to the mutation in the perception or transduction of ethylene in its 
background genotype A17.  The involvement of ethylene in the resistance response was 
further elucidated by transforming M. truncatula roots with a 4GCC::LUC construct 
using  Agrobacterium rhizogenes.  The involvement of ERFs was determined by 
measurement of increasing luminescence in both susceptible and resistant accessions of 
M. truncatula, indicating that the production of ethylene after inoculation by P. 232 
 
medicaginis was a general defence reaction, typical of roots responding to pathogens 
(Okubara and Paulitz 2005).  Importantly however, the response varied between the 
susceptible, moderately resistant and highly resistant M. truncatula accessions, 
indicating that genotype-directed adjustments to the signal in the ethylene transduction 
pathway may be altering the concentrations, timing and duration of the response to 
modify its effectiveness (Chen et al. 2005).  The root transformation assay did not 
adversely affect the resistance to P. medicaginis of M. truncatula and proved to be an 
adequate tool for this pathogen interaction to determine the involvement of ethylene.  
The ability to transform M. truncatula with constructs employing promoters of other 
defence pathways and/or candidate defence genes could also reveal their involvement in 
this pathosystem.   
 
These observations were mirrored by the broad investigation of ethylene related gene 
expression in pooled samples analysed by RTqPCR and enhanced by investigating other 
defence related pathways using this method.  Considering the limitations, the 
investigation revealed a distinct underlying molecular difference between the high and 
moderate resistance phenotypes of M. truncatula to this pathogen.  Key genes of the 
ethylene pathway and downstream proteins activated by ethylene were induced to 
varying degrees in all of the inoculated M. truncatula accessions.  Of particular note 
was the large and early induction of the hevein-like protein gene by the susceptible 
accessions compared with the highly resistant and moderately resistant accessions.   
Over-expression of a hevein-like peptide in transgenic tobacco has previously resulted 
in enhanced resistance against Phytophthora parasitica (Koo et al. 2002), but in this 
instance was insufficient to protect the susceptible M. truncatula accessions.  The 233 
 
induction of this protein by the moderately resistant accession must have been 
complemented by other defences, given its greater resistance to the pathogen.  
 
PR5  was observed to be the most highly induced gene in the moderately resistant 
accession.  The expression of PR5 observed here is consistent with PR5 associated 
resistance against Phytophthora and other oomycetes reported in the literature (Fagoaga 
et al. 2001, Vega-Sanchez et al. 2005, van Loon et al. 2006a, Colditz et al. 2007).  In 
comparison, induction of PR5 was noticeably lower in the highly resistant accession and 
only one of the susceptible accessions exhibited an increase in PR5 expression but at a 
third of the level observed in the moderately resistant accession.  This implied that a 
high level of induction of PR5 played a significant role in the moderate resistance 
observed in M. truncatula, which is not the same defence response that conferred a high 
resistance to P. medicaginis.  PR5 has been shown to be induced by exogenous 
application with the ethylene precursor ACC in Arabidopsis roots and ethylene is 
known to be involved in coordinating the hypersensitive response and PR protein 
induction in roots (Leon-Kloosterziel et al. 2005, Okubara and Paulitz 2005). Thus, PR5 
protein accumulation could be coordinated by the observed ethylene signalling response 
in the moderately resistant accession A17.  
 
In the highly resistant accession SA8618, an increase in PAL expression didn’t translate 
into gene expression of SA-induced defence proteins as was observed in the other 
accessions. But, there was a consistent pattern of expression of all the isoflavonoid 
related genes investigated, except for CHS, at 12 hours post inoculation by the highly 
resistant accession.  This may suggest that the PAL expression was translated into active 
expression for the production of isoflavonoid phytoalexins that could be associated with 234 
 
the high resistance.  There have been previous observations of phytoalexins implicated 
in resistance to other species of Phytophthora (Vaziri et al. 1981, Cosio et al. 1996, 
Subramanian 2005).  Given that PR5 plays a significant role in the moderate resistance 
observed in M. truncatula accession A17, it could be concluded that pathways involved 
in PR5 response are favoured at the expense of concerted isoflavonoid production.  This 
underlying molecular distinction may explain the difference in the levels of natural 
resistance against P. medicaginis observed in M. truncatula.  Furthermore, given the 
differences observed in PAL expression among the different M. truncatula accessions 
and the subsequent variations in their defence responses, this enzyme may be a key 
regulator of defence against P. medicaginis.  These preliminary studies have divulged 
that genes related to the ethylene and isoflavonoid pathways would be appropriate 
candidates for further in depth expression analysis and reverse genetic investigations.  
Further studies could also employ proteomic or metabolomic tools to detect the specific 
end products of isoflavonoid production in relation to P. medicaginis resistance by M. 
truncatula.   
 
The application of biotechnology for improvement of legume crops is dependent on the 
potential to map QTLs and to identify linked molecular markers, as well as defining the 
underlying mechanisms of the disease resistance (Dita et al. 2006).  Several co-
localizations between disease resistance genes and resistance QTLs have been reported 
in plant species, suggesting sequence and functional similarity between them (Grube et 
al. 2000, Pflieger et al. 2001). The application of molecular markers to assist in more 
efficiently defining resistance genes via marker assisted selection, will facilitate the 
identification of genes for pyramiding with other beneficial agronomical traits in a 
single cultivar of a target crop (Dita et al. 2006). Combining this, with the 235 
 
understanding of how plants defend themselves using more comprehensive 
investigations of gene expression, will direct marker assisted selection and transgenics 
more efficiently and result in a more durable resistance (Pflieger et al. 2001, Dita et al. 
2006). 
 
There is strong evidence for the conserved genomic location of RGA loci between M. 
truncatula and other related legumes, highlighting the advantages of synteny in close 
phylogenetic relatedness (Zhu et al. 2002).  This suggests importantly that it should be 
possible to clone active resistance genes against pathogens of related legumes from M. 
truncatula and to effectively incorporate them into the target crop by transgenic 
approaches (Zhu et al. 2002).  Effective transgenic practices have already been shown 
to have potential against Phytophthora species and perception sites for Phytophthora 
cell wall elicitors are conserved across related species (Cosio et al. 1996, Fagoaga et al. 
2001).  This highlights the potential for pyramiding resistance genes discovered in M. 
truncatula into other related crop species affected by this pathogen. 
 
This work has significantly contributed to the understanding of the P. medicaginis/M. 
truncatula pathosystem.  A robust reliable infection method was established enabling 
the identification of a QTL with major resistance effects. Preliminary molecular 
investigations also provided a framework upon which to further investigate the 
underlying mechanisms of the resistance using established molecular techniques.  The 
challenges will be in refining these investigations to enable the technology to be 
functional and commercially viable for breeders. 236 
 
APPENDICES 
Appendix A: Information associated with Chapter 3. 
 
Appendix A - Table 3.1: Comparison of response to inoculation by various 
Phytophthora species and isolates by the Medicago truncatula mini-core accessions. 
Larger number of Tukey-Kramer categories indicate higher variability in response to 
inoculation between accessions.  R
2
  value represents the percentage of response 
explained by inoculation. P value indicates the significance of the response to 
inoculation between accessions (Significance at P< 0.05). 
 
Phytophthora 
sp. 
Culture 
identification 
Tukey-Kramer 
Categories 
R
2
 value P  value 
P. cinnamomi  UQ795 
MP94 
MP97-7 
MP97-12 
MP127 
ABC 
ABC 
AB 
A 
AB 
0.509 
0.517 
0.434 
0.249 
0.353 
<0.0001 
<0.0001 
0.001 
0.175 
0.014 
P. citrophthora  UQ625 AB  0.361 0.019 
P. cryptogea  VHS1136 
VHS3606 
A 
AB 
0.186 
0.425 
0.477 
0.001 
P. drechsleri  UQ227 A  0.201 0.394 
P. medicaginis  UQ5614 
UQ5619 
UQ5750 
UQ5751 
UQ5752 
UQ5753 
AB 
A 
ABCDE 
ABC 
ABCDE 
ABC 
0.383 
0.648 
0.710 
0.587 
0.724 
0.623 
0.010 
<0.0001 
<0.0001 
<0.0001 
<0.0001 
<0.0001 
P. megasperma  UQ247 
VHS3543 
VHS3581 
A 
AB 
AB 
0.158 
0.284 
0.396 
0.649 
0.085 
0.004 
P. nicotianae  VHS3453 AB  0.320  0.035 
P. sojae  UQ336 AB  0.322 0.033 
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Appendix A - Figure 3.1: Oneway ANOVA of number of leaves of standard non-
inoculated Medicago truncatula accessions 3-weeks post planting. Tukey Kramer-HSD 
analysis indicates the difference in response to species with the same letter, are not 
significantly different (P<0.05). Vertical bars with horizontal dashes represent the mean 
and standard error of the mean. 
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Appendix A - Figure 3.2: Oneway ANOVA of the ratio of the number of leaves of 
standard Medicago truncatula accessions 3-weeks post inoculation with Phytophthora 
medicaginis to the mean number of leaves of the non-inoculated standard M. truncatula 
accessions. Tukey Kramer-HSD analysis indicates the difference in response to species 
with the same letter, are not significantly different (P<0.05). Vertical bars with 
horizontal dashes represent the mean and standard error of the mean. 
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Appendix A - Figure 3.3: Oneway ANOVA of the ratio of the number of leaves of 
standard Medicago truncatula accessions 3-weeks post inoculation with Phytophthora 
citrophthora to the mean number of leaves of the non-inoculated standard M. truncatula 
accessions. Tukey Kramer-HSD analysis indicates the difference in response to species 
with the same letter, are not significantly different (P<0.05). Vertical bars with 
horizontal dashes represent the mean and standard error of the mean. 
  
N
o
.
 
l
e
a
v
e
s
 
/
 
M
e
a
n
 
N
o
.
 
l
e
a
v
e
s
 
o
f
 
c
o
n
t
r
o
l
0
0.25
0.5
0.75
1
1.25
1.5
S
t
1
-
2
7
0
6
3
-
1
S
t
1
-
2
7
0
6
3
-
2
S
t
1
-
A
2
0
-
1
S
t
1
-
A
2
0
-
2
S
t
1
-
D
Z
A
0
4
5
-
1
S
t
1
-
D
Z
A
0
4
5
-
2
S
t
2
-
2
7
0
6
3
-
1
S
t
2
-
2
7
0
6
3
-
2
S
t
2
-
A
2
0
-
1
S
t
2
-
A
2
0
-
2
S
t
2
-
D
Z
A
0
4
5
-
1
S
t
2
-
D
Z
A
0
4
5
-
2
Accession
A        A       A      A      A        A        A       A       A     A        A       A  240 
 
Appendix A – Table 3.2: Medicago truncatula accessions selected from the SARDI core 
collection to determine response to four different species of Phytophthora.  Parameters for 
selection determined from response to inoculation with Phytophthora medicaginis UQ5750 
and P. citrophthora UQ625.  
 Medicago truncatula 
accession 
Resistance 
assignment
1 
Tukey-Kramer 
grouping
2 
Vigour  
( Mean ratio ( + 
SE) of number of 
leaves of 
inoculated to non-
inoculated 
seedlings) 
P-value 
(significance of 
vigour 
compared to 
non-inoculated 
seedlings) 
Mean survival     
( + SE) of 
inoculated 
seedlings 3 
weeks post 
inoculation 
Response to Phytophthora medicaginis 
A17  I ABC  0.541  (+ 0.17)  0.2838  0.4 (+ 0.25) 
A20  S ABC  0.233  (+ 0.00)  0.0227  0.0 (+ 0.00) 
Borung  S BC  0.113  (+ 0.03)  <0.0001  0.0 (+ 0.00) 
Caliph  S ABC  0.264  (+ 0.08)  0.0372  0.2 (+ 0.20) 
Cyprus  S BC  0.167  (+ 0.04)  0.0047  0.0 (+ 0.00) 
DZA045  S ABC  0.227  (+ 0.00)  0.0377  0.0 (+ 0.00) 
DZA315  S ABC  0.250  (+ 0.15)  0.0443  0.2 (+ 0.20) 
Jester  I ABC  0.500  (+ 0.15)  0.0266  0.6 (+ 0.25) 
Sephi  S ABC  0.218  (+ 0.04)  <0.0001  0.2 (+ 0.20) 
SA21362  I AB  0.750  (+ 0.4)  0.6576  0.4 (+ 0.25) 
SA2162  S ABC  0.217  (+ 0.00)  <0.0001  0.2 (+ 0.00) 
SA22322  S BC  0.170  (+ 0.04)  0.1014  0.0 (+ 0.00) 
SA27063  S ABC  0.300  (+ 0.10)  0.0175  0.2 (+ 0.20) 
SA27192  S ABC  0.208  (+ 0.07)  0.0002  0.2 (+ 0.20) 
SA28097  S ABC  0.205  (+ 0.15)  0.0319  0.2 (+ 0.20) 
SA2841  I ABC  0.419  (+ 0.27)  0.2223  0.2 (+ 0.20) 
SA30199  S ABC  0.189  (+ 0.00)  <0.0001  0.0 (+ 0.00) 
SA8604  S ABC  0.415  (+ 0.16)  0.0473  0.4 (+ 0.25) 
SA8618  R A  0.868  (+ 0.16)  0.6894  0.8 (+ 0.20) 
SA8623  I ABC  0.485  (+ 0.18)  0.1669  0.2 (+ 0.20) 
         
Response to Phytophthora citrophthora 
A17  R X  1.270  (+ 0.08)  0.4866  1.0 (+ 0.00) 
A20  S YZ  0.233  (+ 0.13)  0.0149  0.2 (+ 0.20) 
Borung  I XYZ  0.535  (+ 0.10)  0.0078  0.8 (+ 0.20) 
Caliph  S XYZ  0.302  (+ 0.11)  0.0324  0.2 (+ 0.20) 
Cyprus  S XYZ  0.354  (+ 0.15)  0.0166  0.2 (+ 0.20) 
DZA045  R XYZ  1.023  (+ 0.05)  0.9336  1.0 (+ 0.00) 
DZA315  R XYZ  0.646  (+ 0.18)  0.3137  0.6 (+ 0.25) 
Jester  I XYZ  0.520  (+ 0.20)  0.065  0.4 (+ 0.25) 
Sephi  S XYZ  0.355  (+ 0.10)  0.0005  0.4 (+ 0.25) 
SA21362  R XY  1.167  (+ 0.31)  0.7348  0.6 (+ 0.25) 
SA2162  S XYZ  0.457  (+ 0.15)  0.0187  0.4 (+ 0.25) 
SA22322  R XYZ  0.787  (+ 0.16)  0.6276  0.8 (+ 0.20) 
SA27063  R XY  1.160  (+ 0.15)  0.5525  1.0 (+ 0.00) 
SA27192  I XYZ  0.458  (+ 0.20)  0.043  0.6 (+ 0.25) 
SA28097  R XYZ  0.546  (+ 0.22)  0.22556  0.6 (+ 0.25)  
SA2841  S Z  0.065  (+ 0.07)  0.0534  0.0 (+ 0.00) 
SA30199  S XYZ  0.340  (+ 0.14)  0.0023  0.4 (+ 0.25) 
SA8604  R XYZ  0.634  (+ 0.17)  0.1851  0.6 (+ 0.25) 
SA8618  R XYZ  0.868  (+ 0.23)  0.7231  0.8 (+ 0.20) 
SA8623  R XYZ  1.030  (+ 0.25)  0.938  0.8 (+ 0.20) 
1.  R – Resistant, vigour not significantly different (P>0.05) to non-inoculated seedlings and survival >0.5.                
I – Intermediate, vigour not significantly different (P>0.05) to non-inoculated seedlings but survival <0.5 
or vigour significantly different (P<0.05) to non-inoculated seedlings but survival >0.5.  S- Susceptible, 
vigour significantly different (P<0.05) to non-inoculated seedlings and survival <0.5 or survival = 0. 
2.  Accessions with the same letter are not significantly different in response to inoculation. 
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Appendix A – Table 3.3: Comparison of the vigour, the significance of the vigour 
compared to non-inoculated control seedlings and the survival rate three weeks post soil 
inoculation of each Medicago truncatula accession in response to inoculation with 
Phytophthora medicaginis (UQ5750),  P. citrophthora (UQ625), P. cryptogea (VHS 
1136) and P. drechsleri (UQ227). 
Medicago 
truncatula 
accession 
Resistance 
assignment
1 
Tukey-Kramer 
grouping
2 
Vigour 
(Mean ratio ( + 
SE) of number of 
leaves of 
inoculated to 
non-inoculated 
seedlings) 
P-value 
(significance of 
vigour compared 
to non-inoculated 
seedlings) 
Mean survival 
( + SE) of 
inoculated 
seedlings 3 
weeks post 
inoculation 
Response to Phytophthora medicaginis      
2162 S  BC  0.000  (+ 0.00)  0.0021  0.00 
2841 R  ABC  0.375  (+ 0.19)  0.1736  1.00 
8604 S  C  0.000  (+ 0.00)  <0.0001  0.00 
8618 R  ABC  0.600  (+ 0.25)  0.2861  0.60 
8623 R  ABC  0.627  (+ 0.16)  0.0760  0.80 
21362 R  ABC  0.776  (+ 0.05)  0.1682  1.00 
22322 S  BC  0.000  (+ 0.00)  0.0127  0.00 
27063 I  ABC  0.520  (+ 0.14)  0.0076  0.60 
27192 S  BC  0.245  (+ 0.10)  0.0013  0.40 
28097 S  BC  0.091  (+ 0.09)  0.0025  0.00 
30119 S  BC 0.160  (+ 0.8)  <0.0001  0.40 
A17 R  A  1.000  (+ 0.07)  1.0000  1.00 
A20 S  BC  0.170  (+ 0.04)  <0.0001  0.00 
Borung S  BC 0.048  (+ 0.5)  <0.0001  0.00 
Caliph S  BC  0.250  (+ 0.09)  <0.0001  0.40 
Cyprus S  BC  0.264  (+ 0.10)  <0.0001  0.40 
DZA045 S  BC  0.105  (+ 0.6)  <0.0001  0.00 
DZA315 S  BC 0.346  (+ 0.18)  0.0200  0.40 
Jester I  ABC  0.290  (+ 0.29)  0.1327  0.33 
Sephi S  BC  0.048  (+ 0.5)  <0.0001  0.00 
Response to Phytophthora citrophthora      
2162 R ABCD  0.865  (+ 0.06)  0.3019  1.00 
2841 R ABCD  0.750  (+ 0.00)  0.4650  1.00 
8604 S  BCD  0.449  (+ 0.15)  0.0206  0.40 
8618 R  AB  1.050  (+ 0.03)  0.8476  1.00 
8623 I ABCD  0.667  (+ 0.12)  0.0462  0.80 
21362 I  ABCD  0.414  (+ 0.41)  0.1739  0.50 
22322 S  BCD  0.125  (+ 0.13)  0.0246  0.00 
27063 I  BCD  0.380  (+ 0.17)  0.0062  0.60 
27192 R  ABCD  0.674  (+ 0.12)  0.0507  0.80 
28097 R  ABCD  0.818  (+ 0.09)  0.1540  1.00 
30119 S  BCD  0.360  (+ 0.15)  0.0024  0.40 
A17 R  A  1.175  (+ 0.09)  0.5305  1.00 
A20 R ABCD  0.553  (+ 0.19)  0.0725  0.60 
Borung S  BCD  0.310  (+ 0.19)  0.0119  0.25 
Caliph S  CD  0.321  (+ 0.10)  0.0018  0.40 
Cyprus S  D 0.151  (+ 0.04)  <0.0001  0.00 
DZA045 R  ABCD  0.737  (+ 0.25)  0.3437  0.75 
DZA315 R  ABC  0.885  (+ 0.05)  0.0598  1.00 
Jester I  ABCD  0.419  (+ 0.23)  0.0636  0.33 
Sephi S  CD  0.286  (+ 0.17)  0.0059  0.3 
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Appendix A – Table 3.3 continued. 
Medicago 
truncatula 
accession 
Resistance 
assignment
1 
Tukey-Kramer 
grouping
2 
Vigour 
(Mean ratio ( + 
SE) of number of 
leaves of 
inoculated to 
non-inoculated 
seedlings) 
P-value 
(significance of 
vigour compared 
to non-inoculated 
seedlings) 
Mean survival 
( + SE) of 
inoculated 
seedlings 3 
weeks post 
inoculation 
Response to Phytophthora cryptogea      
2162 S  A  0.000  (+ 0.00)  0.0002  0.00 
2841 S  A  0.000  (+ 0.00)  0.0161  0.00 
8604 R  A  0.490  (+ 0.20)  0.0628  0.60 
8618 I  A  0.500  (+ 0.26)  0.2049  0.40 
8623 R  A  0.726  (+ 0.19)  0.1783  0.80 
21362 S  A 0.000  (+ 0.00)  0.0004  0.00 
22322 S  A 0.000  (+ 0.00)  0.0023  0.00 
27063 I  A  0.780  (+ 0.05)  0.002  1.00 
27192 R  A 0.592  (+ 0.16)  0.062  0.80 
28097 S  A 0.061  (+ 0.06)  0.0003  0.00 
30119 I  A  0.480  (+ 0.20)  0.0291  0.60 
A17 I  A  0.250  (+ 0.25)  0.0667  0.20 
A20 R  A  0.511  (+ 0.21)  0.0779  0.60 
Borung I  A 0.429  (+ 0.25)  0.1048  0.50 
Caliph I  A  0.429  (+ 0.18)  0.0295  0.60 
Cyprus R  A 0.623  (+ 0.16)  0.0726  0.80 
DZA045 R  A  0.711  (+ 0.24)  0.2846  0.75 
DZA315 R  A  0.519  (+ 0.21)  0.0879  0.60 
Jester S  A 0.065  (+ 0.07)  0.0002  0.00 
Sephi R  A 0.619  (+ 0.21)  0.1289  0.75 
Response to Phytophthora drechsleri      
2162 S  A  0.000  (+ 0.00)  0.0002  0.00 
2841 I  A  0.250  (+ 0.25)  0.1012  0.33 
8604 S  A  0.327  (+ 0.20)  0.0277  0.40 
8618 S  A  0.200  (+ 0.20)  0.037  0.20 
8623 S  A  0.157  (+ 0.16)  0.0055  0.20 
21362 I  A  0.276  (+ 0.28)  0.0673  0.33 
22322 I  A  0.333  (+ 0.33)  0.1404  0.33 
27063 I  A  0.600  (+ 0.16)  0.0325  0.80 
27192 S  A 0.327  (+ 0.20)  0.0277  0.40 
28097 S  A 0.242  (+ 0.24)  0.0379  0.33 
30119 I  A  0.440  (+ 0.18)  0.0157  0.60 
A17 I  A  0.425  (+ 0.26)  0.1503  0.40 
A20 S  A  0.340  (+ 0.21)  0.0325  0.40 
Borung S  A 0.095  (+ 0.10)  0.0001  0.25 
Caliph I  A  0.411  (+ 0.17)  0.0258  0.60 
Cyprus S  A 0.170  (+ 0.17)  0.007  0.20 
DZA045 S  A  0.211  (+ 0.21)  0.0294  0.25 
DZA315 S  A  0.327  (+ 0.20)  0.0279  0.40 
Jester S  A 0.000  (+ 0.00)  <0.0001  0.00 
Sephi S  A  0.191  (+ 0.19)  0.0062  0.25 
1.  R – Resistant, vigour not significantly different (P>0.05) to non-inoculated seedlings and survival >0.5.                
I – Intermediate, vigour not significantly different (P>0.05) to non-inoculated seedlings but survival <0.5 
or vigour significantly different (P<0.05) to non-inoculated seedlings but survival >0.5.  S- Susceptible, 
vigour significantly different (P<0.05) to non-inoculated seedlings and survival <0.5 or survival = 0. 
2.  Accessions with the same letter are not significantly different in response to inoculation. 
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A17               A20
 
 
Borung              Caliph 
 
 
Cyprus               DZA045 
 
 
DZA315              Jester 
 
 
Appendix A – Figure 3.4: Comparison of response by twenty different Medicago truncatula 
accessions to four different species of Phytophthora.  Tukey Kramer-HSD analysis indicates 
the difference in response to species with the same letter, are not significantly different 
(P<0.05). Vertical bars with horizontal dashes represent the mean and standard error of the 
mean.  
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Appendix A – Figure 3.4 cont.: Comparison of response by twenty different Medicago 
truncatula accessions to four different species of Phytophthora. Tukey Kramer-HSD analysis 
indicates the difference in response to species with the same letter, are not significantly 
different (P<0.05). Vertical bars with horizontal dashes represent the mean and standard error 
of the mean. 
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Appendix A – Figure 3.4  cont.: Comparison of response by twenty different Medicago 
truncatula accessions to four different species of Phytophthora. Tukey Kramer-HSD analysis 
indicates the difference in response to species with the same letter, are not significantly 
different (P<0.05). Vertical bars with horizontal dashes represent the mean and standard error 
of the mean. 
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Appendix B: Information associated with Chapter 4. 
 
Appendix B - Table 4.1: Markers assessed for size polymorphisms between parental 
accessions of Medicago truncatula. 
 
Marker name  Linkage Group  Approximate  
cM position  Marker Type 
1 
Size polymorphic 
between  
M. truncatula 
accessions  
A17 and Borung 
2 
Source 
h2_84g4a 1  -3.3 SSR  Y Medicago.org 
h2_81a23a 1  0  SSR  Y  Medicago.org 
h2_7h21b 1  3.7  SSR  Y Medicago.org 
h2_95g14e 1  11.3  SSR  Y  Medicago.org 
h2_116k17a 1  19.2  SSR  Y  Medicago.org 
001F10 1  22.1  SSR  N  Mun  et al. (2006) 
h2_22d18b 1  22.2  SSR  Y  Medicago.org 
004F03 1  26.6  SSR  N  Mun  et al. (2006) 
h2_49a9a 1  32.4 SSR  N Medicago.org 
h2_22o12c 1  39.4  SSR  Y  Medicago.org 
003F11 1  46.1  SSR  N  Mun  et al. (2006) 
h2_19b12a 1  48.6  SSR  Y  Medicago.org 
h2_49j14f 1  50.9 SSR  N Medicago.org 
002C07 1  50.9  SSR  Y  Mun  et al. (2006) 
h2_69d21a 1  53.8  SSR  Y  Medicago.org 
h2_103j7d 1  54.5  SSR  Y  Medicago.org 
h2_57e16a 1  55.2  SSR  N  Medicago.org 
MtB123 1 56  SSR  Y  Mun  et al. (2006) 
h2_61c11b 1  58.9  SSR  Y  Medicago.org 
h2_165j9d 1  58.9  SSR  Y  Medicago.org 
h2_57h18b 1  60.4  SSR  Y  Medicago.org 
h2_65l2a 1  61.9  SSR  Y  Medicago.org 
004F06 1  62.8  SSR  N  Mun  et al. (2006) 
h2_11f14b 2  0  SSR  Y  Medicago.org 
h2_154b3d 2  0  SSR  Y  Medicago.org 
h2_12i20a 2  5.2  SSR  Y  Medicago.org 
h2_11o10c 2  12.8  SSR  N  Medicago.org 
h2_11g7a 2  17.8 SSR  Y Medicago.org 
h2_4g10a 2  24.6 SSR  Y Medicago.org 
SAMS 2  24.6  CAPS  N  Choi  et al. (2004a) 
h2_12c11g 2  27.4  SSR  Y  Medicago.org 
h2_87i13c 2  27.9  SSR  Y Medicago.org 
h2_77p14a 2  33.3  SSR  N  Medicago.org 
h2_8c19d 2  42.3 SSR  Y Medicago.org 
h2_7L17b 2  47.1 SSR  N Medicago.org 
h2_138b11a 2  49.2  SSR  Y  Medicago.org 
h2_43n2a 2  60.7 SSR  N Medicago.org 
EXRN 2  Not  mapped  SNP  N  Choi  et al. (2004a) 
CPCB2 2  Not  mapped  SNP  U  Choi  et al. (2004a) 
DK045R 2  Not  mapped  CAPS  N  Choi  et al. (2004a) 
MtB190 3 4.5  SSR  Y  Mun  et al. (2006) 
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Table 4.1 continued. 
Marker name  Linkage Group  Approximate  
cM position  Marker Type 
1 
Size polymorphic 
between  
M. truncatula 
accessions  
A17 and Borung 
2 
Source 
001A02 3  5.2  SSR  U  Mun  et al. (2006) 
h2_71p5a 3  6.3  SSR  N  Medicago.org 
h2_117n1c 3  17.8  SSR  Y  Medicago.org 
h2_14b12a 3  25.6  SSR  Y  Medicago.org 
h2_6i7c 3  25.6  SSR  Y  Medicago.org 
h2_16a18a 3  28.6  SSR  N  Medicago.org 
h2_11d4b 3  32.3  SSR  N  Medicago.org 
h2_1e24a 3  34.1  SSR  Y  Medicago.org 
h2_73i24a 3  34.1  SSR  N  Medicago.org 
h2_39a22a 3  37.7  SSR  N  Medicago.org 
004E11 3  38.1  SSR  N  Mun  et al. (2006) 
h2_60a22a 3  38.5  SSR  N  Medicago.org 
h2_151m16a 3  46.8  SSR  Y  Medicago.org 
h2_105b15c 3  59.2  SSR  Y  Medicago.org 
h2_13i6a 3  66.7  SSR  Y  Medicago.org 
NPAC 3  69.3 CAPS  U  Choi  et al. (2004a) 
h2_10n2d 3  70.3  SSR  Y  Medicago.org 
JUNBP 3  72.5  SNP  N Choi  et al. (2004a) 
CysPr1 3  79.4  CAPS  U Choi  et al. (2004a) 
h2_15m12b 3  Not  mapped SSR  Y  Medicago.org 
h2_35j4a 3  Not  mapped  SSR  U  Medicago.org 
h2_21b19a 4  0.8  SSR  Y  Medicago.org 
h2_23h19b 4  0.8  SSR  Y  Medicago.org 
002B07 4  7.4  SSR  N  Mun  et al. (2006) 
h2_116a3b 4  17.2  SSR  Y  Medicago.org 
MtB344 4  22.3  SSR  Y  Mun  et al. (2006) 
h2_10d6b 4  27.2  SSR  Y  Medicago.org 
DK379L 4  33.2  CAPS  N  Choi  et al. (2004a) 
003G05 4  35.4  SSR  U  Mun  et al. (2006) 
DK024R 4  41.4  CAPS  N  Choi  et al. (2004a) 
h2_11o4I 4  42.8  SSR  N  Medicago.org 
005D04 4  48.1  SSR  N  Mun  et al. (2006) 
h2_33g3f 4  53.3  SSR  N  Medicago.org 
004E04 4  56.9  SSR  Y  Mun  et al. (2006) 
h2_23d2c 4  57.9  SSR  U  Medicago.org 
MtB130 4  58.3  SSR  Y  Mun  et al. (2006) 
MtGSB_05G11 4  61.1  SSR  Y  Mun  et al. (2006) 
h2_41o18l 4  62.6  SSR  Y  Medicago.org 
MTIC326 4  Not  mapped  SSR  N  Gutierrez  et al. (2005) 
MTIC340 4  Not  mapped  SSR  N  Gutierrez  et al. (2005) 
MTIC348 4  Not  mapped  SSR  Y  Gutierrez  et al. (2005) 
MTIC3 4  Not  mapped  SSR  N  Gutierrez  et al. (2005) 
MTIC430 4  Not  mapped  SSR  Y  Gutierrez  et al. (2005) 
MTIC249 4  Not  mapped  SSR  N  Gutierrez  et al. (2005) 
MTIC279 4  Not  mapped  SSR  Y  Gutierrez  et al. (2005) 
MTIC297 4  Not  mapped  SSR  N  Gutierrez  et al. (2005) 
MTIC339 4  Not  mapped  SSR  N  Gutierrez  et al. (2005) 
MTIC347 4  Not  mapped  SSR  N  Gutierrez  et al. (2005) 248 
 
Table 4.1 continued. 
Marker name  Linkage Group  Approximate  
cM position  Marker Type 
1 
Size polymorphic 
between  
M. truncatula 
accessions  
A17 and Borung 
2 
Source 
MTIC62 4  Not  mapped  SSR  N  Gutierrez  et al. (2005) 
MTIC65 4  Not  mapped  SSR  Y  Gutierrez  et al. (2005) 
MTIC396 4  Not  mapped  SSR  N  Gutierrez  et al. (2005) 
MTIC65 4  Not  mapped  SSR  Y  Gutierrez  et al. (2005) 
MTIC53   Not  mapped  SSR  N  Gutierrez  et al. (2005) 
MtB116   Not  mapped  SSR  U  Mun  et al. (2006) 
h2_104c10b 5  -8.4  SSR  Y  Medicago.org 
h2_58k21c 5  0  SSR  N  Medicago.org 
h2_58b20a 5  3  SSR  N  Medicago.org 
MtB11 5  6.7  SSR  Y  Mun  et al. (2006) 
h2_19p2f 5  13.1  SSR  N  Medicago.org 
003D06 5  16.5  SSR  N  Mun  et al. (2006) 
AAT 5  16.5  CAPS  N  Choi  et al. (2004a) 
ENOD40 5  18  CAPS  U  Choi  et al. (2004a) 
003B01 5  20.9  SSR  Y  Mun  et al. (2006) 
DK242R 5  20.9  CAPS  U  Choi  et al. (2004a) 
h2_55I14_fr1 5  26.9  SSR  Y  Medicago.org 
MtB310 5  33.6  SSR  Y  Mun  et al. (2006) 
005B02 5  38  SSR  N  Mun  et al. (2006) 
h2_46E3_fr1 5  57.7  SSR  Y  Medicago.org 
h2_23o13h 5  60.5  SSR  N  Medicago.org 
h2_85n3a 5  64  SSR  Y  Medicago.org 
004E12 5  73.7  SSR  N  Mun  et al. (2006) 
DK039R 5  75.1  CAPS  N  Choi  et al. (2004a) 
h2_10g3e 5  75.8  SSR  N  Medicago.org 
MtB163 5  77.3  SSR  Y  Mun  et al. (2006) 
h2_28i20b 5  79.5  SSR  Y  Medicago.org 
h2_144o15a 5  83.4  SSR  Y  Medicago.org 
h2_10p14a 5  Not  mapped SSR  Y  Medicago.org 
h2_32p10fr1 5  Not  mapped  SSR  Y  Medicago.org 
h2_12g6b 6  -3  SSR  N  Medicago.org 
h2_168i20a 6  -3  SSR  Y  Medicago.org 
h2_6f18b 6  -1.6  SSR  Y  Medicago.org 
h2_22h5a 6  -1.5  SSR  N  Medicago.org 
005F10 6  -1.5  SSR  N  Mun  et al. (2006) 
h2_108p9d 6  0  SSR  N  Medicago.org 
002A02 6  0  SSR  Y  Mun  et al. (2006) 
h2_20m4a 6  0.7  SSR  N  Medicago.org 
h2_73h22a 6  1.4  SSR  Y  Medicago.org 
CrS 6  1.4 CAPS  Y  Choi  et al. (2004a) 
h2_82n16a 6  3.2  SSR  N  Medicago.org 
h2_78k4a 6  3.5  SSR  N  Medicago.org 
h2_17e17b 6  10.3  SSR  Y  Medicago.org 
h2_29i23c 6  12.7  SSR  Y  Medicago.org 
h2_59i21b 6  16  SSR  Y  Medicago.org 
h2_15c17a 6  20.3  SSR  Y  Medicago.org 
h2_175h23a 6  25.4  SSR  Y  Medicago.org 
h2_25f20c 6  27.2  SSR  Y  Medicago.org 249 
 
Table 4.1 continued 
Marker name  Linkage Group  Approximate  
cM position  Marker Type 
1 
Size polymorphic 
between  
M. truncatula 
accessions  
A17 and Borung 
2 
Source 
h2_2d6a 6  27.5  SSR  U  Medicago.org 
h2_2p16d 6  31.7  SSR  N  Medicago.org 
h2_151p24e 6  31.7  SSR  N  Medicago.org 
003C02 6  32.5  SSR  U  Mun  et al. (2006) 
h2_9p17d 6  34.8  SSR  N  Medicago.org 
h2_166b10a 6  36.1  SSR  Y  Medicago.org 
PROF 6  36.1  SNP  N Choi  et al. (2004a) 
DK321L 6  36.1  CAPS  Y  Choi  et al. (2004a) 
h2_31k19b 6  39.1  SSR  Y  Medicago.org 
h2_29o18b 6  41.3  SSR  N  Medicago.org 
h2_8c18b 6  43.6  SSR  U  Medicago.org 
MtB267 6  44.2  SSR  Y  Mun  et al. (2006) 
h2_102a8b 6  44.2  SSR  Y  Medicago.org 
h2_7b19c 6  44.3  SSR  N  Medicago.org 
h2_19o18a 6  44.3  SSR  Y  Medicago.org 
h2_25n14a 6  44.3  SSR  Y  Medicago.org 
h2_6b10a 6  47.2  SSR  Y  Medicago.org 
TE001 6  47.9  CAPS  N Choi  et al. (2004a) 
TE013 6  47.9  CAPS  Y Choi  et al. (2004a) 
001B01 6  48  SSR  U  Mun  et al. (2006) 
h2_93e11b 6  Not  mapped SSR  Y  Medicago.org 
h2_27d17c 6 Not  mapped SSR  Y  Medicago.org 
002H12 6  Not  mapped  SSR  U  Mun  et al. (2006) 
MtB64 7  5.1  SSR  Y  Mun  et al. (2006) 
DK322L 7  13.3  CAPS  N  Choi  et al. (2004a) 
h2_18a1l 7  18.1  SSR  Y  Medicago.org 
DK348L 7  22.6  CAPS  U  Choi  et al. (2004a) 
h2_15m24a 7  22.6  SSR  Y  Medicago.org 
h2_20k24g 7  37.8  SSR  Y  Medicago.org 
h2_9l7d 7  42.4  SSR  Y  Medicago.org 
PPGM 7  47.1  CAPS  N Choi  et al. (2004a) 
001B11 7  47.7  SSR  U  Mun  et al. (2006) 
MtB196 7  47.7  SSR  Y  Mun  et al. (2006) 
DK287R 7  49.7  CAPS  N  Choi  et al. (2004a) 
h2_36p20b 7  49.7  SSR  N  Medicago.org 
MTIC40 7  50.1  SSR  N  Gutierrez  et al. (2005) 
MtB140 7  50.4  SSR  Y  Mun  et al. (2006) 
h2_139m18a 7  50.4  SSR  Y  Medicago.org 
h2_14c17b 7  50.4  SSR  Y  Medicago.org 
004E09 7  51.1  SSR  Y  Mun  et al. (2006) 
h2_7a11b 7  52.8  SSR  Y  Medicago.org 
004H05 7  53.3  SSR  Y  Mun  et al. (2006) 
002E05 7  53.3  SSR  Y  Mun  et al. (2006) 
005G08 7  53.3  SSR  U  Mun  et al. (2006) 
h2_19l15a 7  53.3  SSR  Y  Medicago.org 
h2_58l23a 7  53.3  SSR  N  Medicago.org 
001D09 7  55.5  SSR  Y  Mun  et al. (2006) 
001H04 7  55.5  SSR  U  Mun  et al. (2006) 250 
 
Table 4.1 continued. 
Marker name  Linkage Group  Approximate  
cM position  Marker Type 
1 
Size polymorphic 
between  
M. truncatula 
accessions  
A17 and Borung 
2 
Source 
h2_81g19a 7  56.1  SSR  Y  Medicago.org 
h2_8g20b 7  57.7  SSR  N  Medicago.org 
h2_136b23a 7  59.8  SSR  Y  Medicago.org 
h2_70c24b 7  60  SSR  N  Medicago.org 
005D09 7  61  SSR  Y  Mun  et al. (2006) 
005D07 7  62.5  SSR  Y  Mun  et al. (2006) 
h2_34c9b 7  63.2  SSR  Y  Medicago.org 
002G05 7  63.3  SSR  Y  Mun  et al. (2006) 
004A12 7  64  SSR  N  Mun  et al. (2006) 
MTIC35 7  68.6  SSR  N  Gutierrez  et al. (2005) 
h2_24h22e 7  Not  mapped  SSR  N  Medicago.org 
AGT 7  Not  mapped  CAPS  U  Choi  et al. (2004a) 
ASPP 7  Not  mapped  SNP  U  Choi  et al. (2004a) 
MTIC82 7  Not  mapped  SSR  U  Gutierrez  et al. (2005) 
MTIC241 7  Not  mapped  SSR  U  Gutierrez  et al. (2005) 
MTIC333 7  Not  mapped  SSR  N  Gutierrez  et al. (2005) 
MTIC335 7  Not  mapped  SSR  N  Gutierrez  et al. (2005) 
MTIC470 7  Not  mapped  SSR  Y  Gutierrez  et al. (2005) 
PGDH 7  Not  mapped  SNP  N  Choi  et al. (2004a) 
DK225ORF1 7 Not  mapped  CAPS  U  Choi  et al. (2004a) 
DK225ORF2 7 Not  mapped  CAPS  N  Choi  et al. (2004a) 
Ms/L83 7  Not  mapped  SNP  U Choi  et al. (2004a) 
MtB124 7  Not  mapped  SSR  N  Mun  et al. (2006) 
MtB142 7  Not  mapped  SSR  U  Mun  et al. (2006) 
MtB156 7  Not  mapped  SSR  U  Mun  et al. (2006) 
MtB176 7  Not  mapped  SSR  U  Mun  et al. (2006) 
MtB183 7  Not  mapped  SSR  U  Mun  et al. (2006) 
MtB204 7  Not  mapped  SSR  U  Mun  et al. (2006) 
UPGD 7  Not  mapped    U  Choi  et al. (2004a) 
MtGSP_008B05 7  Not  mapped  CAPS  Y  Mun  et al. (2006) 
MtB215 8  -5.7  SSR  Y  Mun  et al. (2006) 
h2_67a17a 8  0  SSR  Y  Medicago.org 
002H06 8  1.6  SSR  Y  Mun  et al. (2006) 
h2_11o23d 8  4  SSR  Y  Medicago.org 
h2_71m12b 8  6.2  SSR  U  Medicago.org 
h2_138n18a 8  8.7  SSR  N  Medicago.org 
h2_10l24b 8  9.5  SSR  N  Medicago.org 
007G01 8  13.2  SSR  Y  Mun  et al. (2006) 
h2_11e15a 8  13.3  SSR  U  Medicago.org 
004G08 8  15.5  SSR  U  Mun  et al. (2006) 
h2_23m13e 8  16.2  SSR  N  Medicago.org 
h2_8a13a 8  21.4  SSR  Y  Medicago.org 
h2_115m15b 8  25.3  SSR  Y  Medicago.org 
h2_145p10a 8  26.1  SSR  Y  Medicago.org 
h2_158c2c 8  28.8  SSR  Y  Medicago.org 
h2_28d22a 8  29.1  SSR  Y  Medicago.org 
h2_98j6b 8  31.7  SSR  Y  Medicago.org 
h2_29h4a 8  31.8  SSR  N  Medicago.org 251 
 
Table 4.1 continued. 
Marker name  Linkage Group  Approximate  
cM position  Marker Type 
1 
Size polymorphic 
between  
M. truncatula 
accessions  
A17 and Borung 
2 
Source 
h2_62m1b 8  32.5  SSR  Y  Medicago.org 
005B12 8  33.9  SSR  U  Mun  et al. (2006) 
002C04 8  37.5  SSR  N  Mun  et al. (2006) 
003G02 8  37.7  SSR  U  Mun  et al. (2006) 
h2_85j22b 8  37.7  SSR  N  Medicago.org 
h2_145a1a 8  37.7  SSR  N  Medicago.org 
001G03 8  38.3  SSR  N  Mun  et al. (2006) 
h2_145c3d 8  44.3  SSR  N  Medicago.org 
h2_154b23c 8  46.6  SSR  Y  Medicago.org 
MtB144 8  50.2  SSR  Y  Mun  et al. (2006) 
005F03 8  50.2  SSR  Y  Mun  et al. (2006) 
h2_105a19a 8  50.2  SSR  N  Medicago.org 
MtB3 8  50.9  SSR  Y Mun  et al. (2006) 
MtB234 8  50.9  SSR  Y  Mun  et al. (2006) 
h2_24j8b 8  53.3  SSR  U  Medicago.org 
001E08 8  56.1  SSR  U  Mun  et al. (2006) 
003E05 8  58.8  SSR  Y  Mun  et al. (2006) 
002G07 8  59  SSR  U  Mun  et al. (2006) 
h2_62c22c 8  59.8  SSR  U  Medicago.org 
002F04 8  65.3  SSR  Y  Mun  et al. (2006) 
003F04 8  68.2  SSR  Y  Mun  et al. (2006) 
005F04 8  68.2  SSR  Y  Mun  et al. (2006) 
003B07 8  70.4  SSR  N  Mun  et al. (2006) 
MTIC364 8  Not  mapped  SSR  N Gutierrez  et al. (2005) 
MTIC397 8  Not  mapped  SSR  N Gutierrez  et al. (2005) 
MTIC135 8  Not  mapped  SSR  Y Gutierrez  et al. (2005) 
002D08 8  Not  mapped  SSR  N  Mun  et al. (2006) 
h2_35l19b 8 Not  mapped  SSR  U  Medicago.org 
MtB110 8  Not  mapped  SSR  U  Mun  et al. (2006) 
MtB139 8  Not  mapped  SSR  Y  Mun  et al. (2006) 
MtB186 8  Not  mapped  SSR  N  Mun  et al. (2006) 
MtB217 8  Not  mapped  SSR  Y  Mun  et al. (2006) 
MtB221 8  Not  mapped  SSR  N  Mun  et al. (2006) 
MtB258 8  Not  mapped  SSR  N  Mun  et al. (2006) 
MtB262 8  Not  mapped  SSR  Y  Mun  et al. (2006) 
MtB337 8  Not  mapped  SSR  Y  Mun  et al. (2006) 
MtB338 8  Not  mapped  SSR  Y  Mun  et al. (2006) 
MtB58 8  Not  mapped  SSR  N  Mun  et al. (2006) 
MtB74 8  Not  mapped  SSR  N  Mun  et al. (2006) 
MtB87 8  Not  mapped  SSR  Y  Mun  et al. (2006) 
 
1.  CAPS – Cleaved Amplified Polymorphism, SNP – Single Nucleotide Polymorphism, SSR – 
Simple Sequence Repeat 
2.  Y – Yes, N- No, U – Unable to effectively determine 252 
 
Table 4.2: Markers utilised for the production of a molecular linkage map between 
Medicago truncatula accessions A17 and Borung. 
 
Marker name  Linkage 
Group 
cM 
position  Forward Primer  Reverse Primer  Source 
h2_84g4a LG1  0  ggctgatttgaaacatgcca  ggtggttgtgggacactttt  Medicago.org 
h2_81a23a LG1  2.2  tatgtggaggcattgagtcg  tgtcgcttcagttcagcaat Medicago.org 
h2_7h21b LG1 2.7  ttgttgtgtgtcggaagctc  atatggggacctatttggca  Medicago.org 
h2_95g14e LG1  10.3  cgcgcgttaattttcttctc  acggttgtatgggtgcattt  Medicago.org 
h2_116k17a LG1  25.1 atttcctctttctcccccaa  ttagtgcaacgcccgtataa Medicago.org 
h2_22o12c LG1  49  ggtttgtggaaggaacctgt  gccaaaggactctttagcct  Medicago.org 
h2_19b12a LG1  58.3  tcgcacacggctatcttatg  gcaagggcatgtatggatct Medicago.org 
h2_69d21a LG1  63.3  acaagaagcccttccaatgt  caggttactggctggaacaa Medicago.org 
h2_103j7d LG1 64.4  gtattgggccgcttgactta  gcctcccataatcaccaaga  Medicago.org 
MtB123 LG1  65.5  agggtcgcctcaactatta  tcaacaccattttctcaatg  Mun  et al. (2006) 
h2_61c11b LG1  66.1  gcaccgtggttaatgagctt  gacccccagtccattagtga  Medicago.org 
h2_57h18b LG1  69.1  cgatggttgataaaggggaa  cacagtcccaggagaaggaa Medicago.org 
h2_65l2a LG1  69.1  agctggttggtggctagaga  gggagtagttgcttgcttgc  Medicago.org 
          
h2_154b3d LG2  0 aaagtcggaagcctgatcct  agctagcacaaaggcgaaag Medicago.org 
h2_11f14b LG2  4.6  aagctcacggagacacttgaa caaaaaggacgatttgtgga Medicago.org 
h2_12i20a LG2  Unresolved  agctgtctgttcaaagggaa gcttgttccacgaagcataa  Medicago.org 
h2_11g7a LG2  19.2  accccattatggaaccagag  ccttgcatcgtaggttcaaa  Medicago.org 
h2_12c11g LG2  29.9  ccaaaaggggcaattttctt  agcataattcaatacttgatc Medicago.org 
h2_8c19d LG2  44.4  acaaggcctttaacaccagc  ggcacttgttatcattttccg Medicago.org 
h2_138b11a LG2  51.3 gctggttggaatgttgcttt  caggcggataagatcgaaaa  Medicago.org 
          
MtB190 LG3  0  aagcaagcaatcatcattatcaaa aacgatgtgttctatgcgga  Mun  et al. (2006) 
h2_14b12a LG3  27.2  ggacttgcttttcctttcca  tgacccagtaacttcaccga Medicago.org 
h2_6i7c LG3  29.2  gggaaaatagtttcggaggg  accgcataaccaaacacact Medicago.org 
h2_1e24a LG3 34  gcgtcgattccctcctatgg  cgcttatatatggggtcaag  Medicago.org 
h2_151m16a LG3  45.6 tgtagtgcctagcatgtgttga  ggcacagctatgagatatataggg Medicago.org 
h2_13i6a LG3 56  ttgttgacgcaaatgacgat  atgcatcacacatgctaggg Medicago.org 
h2_15m12b LG3  57.5  ggctgcctagtggtgaggta  atcaacgaacgcaatgaatg Medicago.org 
          
h2_104c10b LG5  0  gctatgcacgagtagggagg aagcaagccctagcaaaaca  Medicago.org 
MtB11 LG5  3.8  ctgatcctttccaagaagcg  cgctaattgctggcttcaaa  Mun  et al. (2006) 
h2_55I14_fr1 LG5  23.8  agtggaaatcacaccttgag  aaaaatgtggattgaaccat  Medicago.org 
MtB310 LG5  31  tgtctgttaacccaaaatcgg  ggaaggttggacaatctgga  Mun  et al. (2006) 
h2_32p10fr1 LG5  39.3 acttggtgcgaaaattacat  acaaaaacaacggttttgag Medicago.org 
h2_85n3a LG5  72.6  agctggagagccatgctaga  ggttgtcttggggcataaaa  Medicago.org 
h2_28i20b LG5 85.2  tttaatcaccggaggaccac  cgatgaaggacgggtgtaaa  Medicago.org 
MtB163 LG5  Unresolved  gttggcaattttaccacgct  cgtctatatgcggcaccatt  Mun  et al. (2006) 
h2_27d17c LG5  Unresolved  gttggcaattttaccacgct cgtctatatgcggcaccatt  Medicago.org 
h2_144o15a LG5  85.7 tgaattatgggaaagtggcg  attcctttttgtgctgtggg  Medicago.org 
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Table 4.2 continued 
Marker name  Linkage 
Group 
cM 
position  Forward Primer  Reverse Primer  Source 
h2_168i20a LG6  0  gatggaggatttttgaggga  gcaaggagggacatgcatta Medicago.org 
h2_17e17b LG6  12  gtagagcgctcgcttagcat  cgcaaaaccctaactcgaag Medicago.org 
h2_15c17a LG6  18.3  ggctgcaaagtgaccaagtc  gcgatacagatccccatcag Medicago.org 
h2_175h23a LG6 28.6  tgctacccaatgatggacaa  cttcgcacaccagctgaata Medicago.org 
h2_25f20c LG6  35  gaattgaagcgcaaacccta  catttttggagcggctgtat Medicago.org 
h2_166b10a LG6 45.3  tcaccgataaacactctccc gaaatgggtttgcggtaatc  Medicago.org 
MtB267 LG6  56.9  gcgttagcatgggttaatgg  gcaaacaatggtgtgtcgag  Mun  et al. (2006) 
h2_25n14a LG6  56.9  tgaccaattgtttaggggtga  ccatgcgagagggagataga  Medicago.org 
h2_6b10a LG6  60  cgagtgagggagagaaagca ctgccctcccagtctcaata  Medicago.org 
          
MtB64 LG7  0  ccaaatttcgactgattcat tcggacaaattcgaagtataa  Mun  et al. (2006) 
h2_18a1l LG7  16.5  gcatgcatacataacaacat  ggttccttgctcaagttggt Medicago.org 
h2_15m24a LG7 32  aaaaacaccacatggcccta  gaggagggatccttcaaaaa  Medicago.org 
h2_20k24g LG7  43.9  tgcccctctaactcatagag  aaggttggtttggcctgtta  Medicago.org 
h2_9l7d LG7  54.1  aagggccacaaagagaaggt  ggtggaatcaaagcaccaat Medicago.org 
MtB140 LG7  63.5  aaattgtgtgagctctagcc  taaggcgttgattttgatct  Mun  et al. (2006) 
MtB196 LG7  Unresolved  gccatctcactttagcagcc gctttacgctttggacttcg  Mun  et al. (2006) 
h2_19l15a LG7  66.2  agcaaagcccaataccacat  aacgagtccatctccatgct Medicago.org 
h2_7a11b LG7  Unresolved  cacgtgggatgtcaccacta  gccttgctgcagaagctatt  Medicago.org 
h2_81g19a LG7  Unresolved  gttccaaaaacgcaccaagt catgacagcagtacattgcc  Medicago.org 
h2_136b23a LG7 68.3  caattgtcatcccatcaacc  ttggagttcggtcgaaagat  Medicago.org 
MtGSP_008B05 LG7  69.8  tcttctcccttctgtctctg tcaaactcgtcaaaccttct  Mun  et al. (2006) 
h2_34c9b LG7  74.8  ggttgattaaccaccaccaaa  ccttgaattcccccacttct Medicago.org 
          
h2_21b19a LG4/8 0  ggaacaccggacacaatacc  cacttctcaggcacagcaaa Medicago.org 
MTIC348 LG4/8  0  tggaggaggggtaggatagg  atgatgatgaggcggagaag  Gutierrez  et al. (2005) 
h2_23h19b LG4/8 0  ccttgttttgtttcggagga  tggcacaagagctaagcaaa Medicago.org 
h2_116a3b LG4/8  17.6  ggttgcttctatgatcgtgc caaagtcaacatgggatgga  Medicago.org 
MtB344 LG4/8  22.4  atggagaagatgttccgacg  gtcacaccaggtgcacaatc  Mun  et al. (2006) 
h2_10d6b LG4/8  27.1  cgtgtgcaaacagacaaagc  ctcagtcggcccaaactaaa Medicago.org 
MtB130 LG4/8  54.2  gagccacgtgcaataaata  acttttgatgcattccaatc  Mun  et al. (2006) 
MTIC279 LG4/8  57.6  cttagacggtgttggttttc gcagcacaagatactcacaa Gutierrez  et al. (2005) 
MTIC65 LG4/8  Unresolved  aatgcatacaccaaacttaaacatt atgcttgcaaggggtctcta  Gutierrez  et al. (2005) 
MtGSB_05G11 LG4/8  61.6  gaccatcacctgacctaaaa  tcttttgaatgccctctcta  Mun  et al. (2006) 
h2_41o18l LG4/8  61.6  agatatatcagaaaaaactaacccaacctt  aatacccttccctttccttccc Medicago.org 
MTIC430 LG4/8  63.2  tgatagccataactccgaat gcgtcttttcttcatttcac  Gutierrez  et al. (2005) 
MtB217 LG4/8  68.4  tcgacagtaatacacgctca gtctgaaaatcatccaaagc  Mun  et al. (2006) 
MtB87 LG4/8  Unresolved  agggagatagaggcggttgt  tttccattgaaacagtgggg  Mun  et al. (2006) 
MtB3 LG4/8  68.9  cacataacaaccaccaccaca  cccaggttgttgaggaagaa  Mun  et al. (2006) 
MtB234 LG4/8  Unresolved  aggggatgaatccttgtagt  ggcaacgtaacatcctctaa  Mun  et al. (2006) 
h2_154b23c LG4/8 71.5  atgggtcgttttgctttgtc  cgctatagttggggtcgtgt  Medicago.org 
MtB144 LG4/8  Unresolved  agataccatgaaggtggttg  ttttcactcagttgttgcag  Mun  et al. (2006) 
MTIC135 LG4/8  80.9  gctgactggacggatctgag ccaaagcataagcattcattca  Gutierrez  et al. (2005) 
h2_62m1b LG4/8  93.4  cacatcttgtgatggggaga aagcctttcaagccaacctt  Medicago.org 
h2_28d22a LG4/8  95.6  cgcgtgattcaaccttttct cgattcaaggttcaaccgat  Medicago.org 
h2_98j6b LG4/8  Unresolved  acctttgttcgtcggagaga agcaactgccatttggttg  Medicago.org 
h2_8a13a LG4/8  104.2  gcactttttgggctgacttt  gacaaccggtccgaatttta Medicago.org 
MtB215 LG4/8  120.9  aacattctgagaacgaaaatg agctgcttcaacttttgttt  Mun  et al. (2006) 
h2_67a17a LG4/8  120.9  cttgtgtgccacgaaggtta  cgcttggagtggtaatgagc Medicago.org 
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Appendix B – Figure 4.1: Distribution of F2 progeny obtained from the reciprocal cross 
between  Medicago truncatula accessions A17 and Borung, either resistant or 
susceptible to Phytophthora medicaginis. 
 
Resistance assignment (R is >=0.6 g root fresh weight) 
 
Frequencies 
Level   Count  Prob
R 70  0.70000
S 30  0.30000
Total 100  1.00000
 
Test Probabilities 
Level   Estim Prob  Hypoth Prob
R 0.70000  0.75000
S 0.30000  0.25000
 
Test ChiSquare DF Prob>Chisq
Likelihood Ratio  1.2803 1 0.2578
Pearson 1.3333 1 0.2482
 
Resistance assignment (R=<0.5 proportion of dead/chlorotic leaves) 
 
Frequencies 
Level   Count  Prob
R 73  0.73000
S 27  0.27000
Total 100  1.00000
 
 
Test Probabilities 
Level   Estim Prob  Hypoth Prob
R 0.73000  0.75000
S 0.27000  0.25000
 
Test ChiSquare DF Prob>Chisq
Likelihood Ratio  0.2097 1 0.6470
Pearson 0.2133 1 0.6442
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 Appendix B – Figure 4.2: Distribution of F2 progeny of SA30199 X SA8618 and 
SA8618 X SA30199, either resistant or susceptible to Phytophthora medicaginis. 
 
 
Cross SA30199 X SA8618 1.1 
 
Resistance assignment (R=>0.6g root fresh weight) 
 
Frequencies 
Level   Count  Prob
R 31  0.43662
S 40  0.56338
Total 71  1.00000
 
Test Probabilities 
Level   Estim Prob  Hypoth Prob
R 0.43662  0.75000
S 0.56338  0.25000
 
Test ChiSquare DF Prob>Chisq
Likelihood Ratio  31.4569 1 <.0001
Pearson 37.1878 1 <.0001
 
Resistance assignment (R=<0.5 proportion dead/chlorotic leaves) 
 
Frequencies 
Level   Count  Prob
R 38  0.53521
S 33  0.46479
Total 71  1.00000
 
Test Probabilities 
Level   Estim Prob  Hypoth Prob
R 0.53521  0.75000
S 0.46479  0.25000
 
Test ChiSquare DF Prob>Chisq
Likelihood Ratio  15.2848 1 <.0001
Pearson 17.4695 1 <.0001
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Cross SA8618 X SA30199 1.1 
 
Resistance assignment (R=>0.6g root fresh weight) 
 
Frequencies 
Level   Count  Prob
R 47  0.77049
S 14  0.22951
Total 61  1.00000
 
 Test Probabilities 
Level   Estim Prob  Hypoth Prob
R 0.77049  0.75000
S 0.22951  0.25000
 
Test ChiSquare DF Prob>Chisq
Likelihood Ratio  0.1392 1 0.7091
Pearson 0.1366 1 0.7117
 
  
Resistance assignment (R=<0.5 proportion dead/chlorotic leaves) 
 
Frequencies 
Level   Count  Prob
R 54  0.88525
S 7  0.11475
Total 61  1.00000
 
Test Probabilities 
Level   Estim Prob  Hypoth Prob
R 0.88525  0.75000
S 0.11475  0.25000
 
Test ChiSquare DF Prob>Chisq
Likelihood Ratio  7.0042 1 0.0081
Pearson 5.9508 1 0.0147
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Appendix C: Information associated with Chapter 5. 
 
Appendix D - Table 5.1: Medicago truncatula based EST markers sourced from Choi et 
al. (2004a) assessed for size polymorphisms between parental accessions of Cicer 
arietinum. 
Marker 
Able to 
amplify 
chickpea 
Optimum 
annealing temp. 
for amplification 
Size polymorphic between  Single Nucleotide 
Polymorphism between 
  
oC  Jimbour and 
BG212 
Howzat and 
ILWC246 
Jimbour and 
BG212 
Howzat and 
ILWC246 
1433P  Yes 59  No  No 
Not 
Determined 
(ND) 
ND 
6DCS  Yes 65  No  No ND  ND 
AAS  Yes 56  No  No No  No 
AAT(Gm)  Yes 56  No  No ND  ND 
ACL(Gm)  No         
AGT  Yes 65  No  No ND  ND 
AIGP  Yes 64  No  No No  No 
ARG10  Yes 56  No  No ND  ND 
ASN2  Yes 58  No  No ND  ND 
ASNEP  Yes 52  No  No ND  ND 
ASPP  No         
ATCP  Yes 65  No  No Yes  No 
ATP2  Yes 61  No  No ND  ND 
BADH  No         
BGAL  No         
BGER  Yes 65  No  No ND  ND 
BiPA  Yes 58  No  No No  Yes 
BTF3b  Yes 55  No  No ND  ND 
CALTL  Yes 64  No  No No  No 
CBCP  No         
CDC2  Yes 61  No  No ND  ND 
cgO008F  No         
cgP137F  No         
CHR  Yes 54  No  No ND  ND 
CNGC4  Yes 54  No  No ND  ND 
COA-O(mt)  Yes 51  No  No ND  ND 
CP450  Yes 55  No  No ND  ND 
CPCB2  No         
CPOX2  Yes 60  No  No ND  ND 
CTP  Yes 65  No  No No  No 
CULL  Yes 61  No  No No  ND 
CYSK  Yes 52  No  No ND  ND 
CYSP  Yes 65  No  No ND  ND 
CysPr1(Gm)  Yes 59  No  No ND  ND 
CysPr2(Ps)  Yes 52  No  No ND  ND 
CYSS  Yes 63  No  No Yes  ND 
Dk225-ORF1  No         
DK225-ORF2  Yes 65  No  No Yes  No 
DK242-ORF1  Yes 61  No  No ND  ND 
DK326-ORF1  Yes 54  No  No ND  ND 
DNABP(Ps)  Yes 56  No  Yes ND  ND 258 
 
Table 5.1 continued 
Marker 
Able to 
amplify 
chickpea 
Optimum 
annealing temp. 
for amplification 
Size polymorphic between  Single Nucleotide 
Polymorphism between 
  
oC  Jimbour and 
BG212 
Howzat and 
ILWC246 
Jimbour and 
BG212 
Howzat and 
ILWC246 
DSI(Gm)  Yes 54  No  No ND  ND 
DSIP  No         
ECOAH  Yes 55  No  No ND  ND 
EFGC  Yes 65  No  No No  No 
EST763(Gm)  Yes 52  No  No ND  ND 
EXP  Yes 65  No  No ND  ND 
EXRN  Yes 58  No  No No  ND 
FENR  Yes 62  No  No No  Yes 
FIS1(Gm)  Yes 54  No  No ND  ND 
FNR  Yes 52  No  No ND  ND 
FUS6  Yes 54  No  No ND  ND 
GBNP  Yes 59  No  No ND  ND 
GCSP  Yes 61  No  No ND  ND 
GH3  Yes 60  No  No ND  ND 
GHI(Gm)  Yes 52  No  No ND  ND 
GLNA  Yes 61  No  No ND  ND 
GLP  Yes 51  No  No ND  ND 
GLUT  Yes 65  No  No ND  ND 
GTPBP1  Yes 52  No  No ND  ND 
GTPBP2  No         
HATPS  Yes 64  No  No No  Yes 
HBP2  Yes 62  No  No ND  ND 
HRIP  Yes 64  No  No ND  Yes 
HYPTE3  Yes 60  No  No ND  ND 
ISOFR  No         
JUNBP  No         
KPYC  Yes 65  No  No No  ND 
MAAP  Yes 56  No  No ND  ND 
mc011F  Yes 52  No  No ND  ND 
METS  Yes 56  No  No ND  ND 
MMK1  Yes 64  No  No No  Yes 
Ms/L27  No         
Ms/L295  Yes 54  No  No ND  ND 
Ms/L591  Yes 53  No  No ND  ND 
Ms/L83  No         
Ms/U121  Yes 63  No  No No  Yes 
Ms/U131  No         
Ms/U141  Yes 59  No  No ND  ND 
Ms/U182  No         
Ms/U212  Yes 63  No  No No  Yes 
Ms/U336  No         
Ms/U492  No         
Ms/U515  Yes 65  No  No ND  ND 
Ms/U63  Yes 63  No  No No  No 
Ms/U70  Yes 60  No  No ND  ND 
Ms/U72  No         
Ms/U83  Yes 63  No  No ND  ND 
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Table 5.1 continued 
Marker 
Able to 
amplify 
chickpea 
Optimum 
annealing temp. 
for amplification 
Size polymorphic between  Single Nucleotide 
Polymorphism between 
  
oC  Jimbour and 
BG212 
Howzat and 
ILWC246 
Jimbour and 
BG212 
Howzat and 
ILWC246 
MtU07(Gm)  Yes 61  No  No ND  ND 
NRT2  Yes 51  No  No ND  ND 
Ntlim1  Yes 65  No  No ND  ND 
OGDH  Yes 54  No  No ND  ND 
OXG  No         
PDC  Yes 65  No  No No  ND 
PEPCASE  Yes 65  No  No No  Yes 
PERM  Yes 56  No  No ND  ND 
PESR1(Ps)  Yes 54  No  No ND  ND 
PGDH  No         
PGKI(Gm)  Yes 63  No  No ND  ND 
PHR1  Yes 52  No  No ND  ND 
PP  Yes 56  No  No ND  ND 
PPGM(Mt)  Yes 56  No  No ND  ND 
PPH  Yes 57  No  No ND  ND 
PRAT  Yes 56  No  No ND  ND 
PRCE  No         
PROF  No         
PTSB  Yes 60  No  No ND  ND 
PTSS4  Yes 54  No  No ND  ND 
RBPC/O  Yes 65  No  No No  Yes 
RECK  No         
REP(Gm)  Yes 60  No  No ND  ND 
RL3b(Gm)  Yes 60  No  No ND  ND 
RLPO  No         
RNAR  Yes 65  No  No ND  ND 
RNP  Yes 60  No  No ND  ND 
SAMS(Gm)  Yes 54  No  No ND  ND 
SAT  Yes 60  No  No ND  ND 
SHMT  No         
SUSY  Yes 64  No  No No  Yes 
TBA3  Yes 52  No  No ND  ND 
TBB2  Yes 56  No  No ND  ND 
TCMO  Yes 60  No  No ND  ND 
TGFRIP  Yes 60  No  No ND  ND 
tRALS  Yes 61  No  No ND  ND 
tRPP  Yes 60  No  No ND  ND 
TRPT(Ps)  Yes 57  No  No ND  ND 
UNK27  Yes 60  No  No ND  ND 
UNK28  Yes 56  No  Yes ND  ND 
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Appendix C - Table 5.2: Cicer arietinum SSR markers assessed for size polymorphisms 
between parental accessions of Cicer arietinum. Sourced from Winter et al. (1999), 
Lichtenzveig  et al. (2005) Buhariwalla et al. (2005) and donated by Dr Rajeev 
Varshney (ICRISAT – commercial in confidence). 
 
Marker  Size polymorphic between
 1  Optimum annealing 
temperature 
2 
Jimbour and BG212  Howzat and ILWC246 
oC 
SSR markers sourced from Winter et al. (1999) 
GA11 Y  N  65 
GA13 N  Y  52 
GA16 N  Y  60 
GA2 N  Y  54 
GA24 N  Y  64 
GA26 N  Y  61 
GA31 U  U  52 
GA34 N  Y  61 
GA4 N  N  64 
GAA40 N  N  60 
GAA42 N  Y  63 
GAA44 N  Y  60 
GAA45 N  N  60 
GAA46 N  N  63 
GAA47 N  N  57 
TA1 Y  Y  61 
TA106 Y  Y  55 
TA110 N  Y  54 
TA113 N  N  60 
TA125 N  Y  55 
TA13 Y  Y  56 
TA130 Y  Y  59 
TA135 N  Y  55 
TA146 Y  U  59 
TA18 Y  Y  63 
TA180 N  N  61 
TA194 Y  Y  47 
TA196 N  Y  56 
TA203 U  U  59 
TA21 U  U  53 
TA27 Y  Y  63 
TA28 Y  Y  64 
TA3 N  Y  55 
TA34 Y  Y  47 
TA37 N  Y  60 
TA46 U  U  63 
TA5 N  N  55 
TA59 Y  Y  55 
TA64 N  Y  65 
TA71 N  Y  55 
TA72 N  Y  53 
TA78 N  N  55 
TA8 N  Y  60 
TA80 Y  Y  50 261 
 
Table 5.2 continued. 
Marker  Size polymorphic between
 1  Optimum annealing 
temperature 
2 
Jimbour and BG212  Howzat and ILWC246 
oC 
TAA58 Y  Y  53 
TR1 Y  Y  57 
TR19 N  Y  56 
TR2 N  Y  61 
TR20 N  Y  56 
TR26 N  Y  61 
TR29 N  Y  52 
TR3  N  N  51 + 61 
TR43 Y  Y  53 
TR44 Y  Y  62 
TR56 N  Y  50 
TR58 N  Y  53 
TS12 Y  U  45 
TS19 U  U  60 
TS35 N  Y  58 
TS45 Y  Y  58 
TS54 N  U  54 
TS72 N  Y  63 
SSR markers sourced from Lichtenzveig et al. (2005) 
H1A06 U  N  60 
H1A12 Y  U  56 
H1A19 N  N  60 
H1B06  N  N  50 + 64 
H1B11 N  N  60 
H1B13a N  Y  63 
H1B13b N  Y  63 
H1D24 N  Y  61 
H1E06 Y  Y  59 
H1E12 N  N  60 
H1F05 N  N  59 
H1F21 N  Y  65 
H1FO22 U  U  U 
H1G11 N  Y  60 
H1G20 Y  Y  63 
H1H13 Y  N  63 
H1I24 U  N  60 
H1J07 N  U  60 
H1O09 N  N  60 
H1P17 N  Y  58 
H1P23 N  Y  60 
H2A02 N  N  60 
H2A08 N  N  60 
H2A11 N  N  60 
H2C03 N  N  60 
H2C10 N  N  60 
H2E13 N  N  60 
H2I10 Y  N  61 
H2J04 N  N  60 
H2J10 U  N  60 262 
 
Table 5.2 continued. 
Marker  Size polymorphic between
 1  Optimum annealing 
temperature 
2 
Jimbour and BG212  Howzat and ILWC246 
oC 
H2J11 N  N  60 
H2J19 N  N  60 
H3A07 Y  Y  61 
H3A12 U  U  U 
H3B04 N  Y  60 
H3C06 N  Y  61 
H3C10 U  U  U 
H3C11 N  U  61 
H3E08 N  N  60 
H3F08 Y  Y  62 
H3F09 U  Y  60 
H3G09 N  N  60 
H4A03 N  N  60 
H4A04 N  Y  65 
H4A07 N  N  60 
H4A09 U  U  U 
H4B06 N  N  60 
H4B09 Y  Y  61 
H4D07 N  N  60 
H4D08 N  Y  59 
H4D11 N  N  60 
H4D12 Y  Y  61 
H4E09 Y  Y  61 
H4F01 N  Y  60 
H4F03 Y  Y  63 
H4F07 N  N  60 
H4F09 N  N  60 
H4G07 Y  Y  63 
H4G11 N  N  60 
H4H07 N  N  60 
H4H12 N  N  60 
H5A04 N  Y  61 
H5B06 N  N  60 
H5D02 U  Y  60 
H5F11 N  N  60 
H5G12 N  N  63 
H5H06 Y  Y  63 
H6B11 N  N  60 
H6B12 U  U  U 
H6C09 U  U  U 
H6D11 Y  Y  63 
H6E07 Y  Y  61 
H6F01 N  N  60 
H6F09 N  N  60 
H6G06 N  N  60 
H6G07 U  N  60 
H6G10 N  Y  60 
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Table 5.2 continued. 
Marker  Size polymorphic between
 1  Optimum annealing 
temperature 
2 
Jimbour and BG212  Howzat and ILWC246 
oC 
EST markers sourced from Buhariwalla et al. (2005) 
AGLC2 N  Y 
AGLC7 N  N 
AGLC8 U  N 
AGLC9 N  N 
AGLC14 N  N 
AGLC15 N  N 
AGLC16 N  N 
AGLC19 N  N 
AGLC20 N  N 
AGLC27 N  N 
AGLC28 N  N 
AGLC29 U  N 
AGLC34 U  N 
AGLC39 N  N 
AGLC45 N  N 
AGLC47 N  N 
AGLC48 U  U 
AGLC51 N  N 
AGLC52 N  N 
AGLC53 U  U 
AGLC55 U  U 
AGLC57 U  N 
AGLC61 N  Y 
AGLC64 U  N 
AGLC67 U  N 
AGLC68 U  U 
AGLC72 U  N 
AGLC74 U  N 
AGLC75 N  N 
AGLC76 N  N 
AGLC78 N  N 
AGLC79 N  N 
AGLC82 N  N 
AGLC83 N  N 
AGLC84 N  N 
AGLC85 N  N 
AGLC88 U  N 
AGLC94 N  N 
AGLC96 N  N 
AGLC98 N  N 
AGLC101 N  N 
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Table 5.2 continued. 
Marker  Size polymorphic between
 1  Optimum annealing 
temperature 
2 
Jimbour and BG212  Howzat and ILWC246 
oC 
SSR markers donated by Dr Rajeev Varshney (ICRISAT – Commercial in confidence) 
ICCM0001a N  N 
ICCM0001b N  N 
ICCM0002 N  N 
ICCM0003 N  N 
ICCM0004 N  Y 
ICCM0005a U  U 
ICCM0005b U  U 
ICCM0007a U  U 
ICCM0007b U  U 
ICCM0008a N  N 
ICCM0008b N  N 
ICCM0008c N  N 
ICCM0009a N  N 
ICCM0009b U  U 
ICCM0010a N  N 
ICCM0010b N  N 
ICCM0014a N  N 
ICCM0014b N  N 
ICCM0019a Y  Y 
ICCM0019b U  N 
ICCM0021a U  U 
ICCM0021b N  N 
ICCM0022 U  U 
ICCM0024 U  Y 
ICCM0026 N  N 
ICCM0029 N  N 
ICCM0030a U  U 
ICCM0030b N  Y 
ICCM0032 N  N 
ICCM0034 Y  N 
ICCM0035 N  N 
ICCM0037 N  N 
ICCM0042 U  N 
ICCM0043 N  Y 
ICCM0045 N  N 
ICCM0052 N  N 
ICCM0053 N  N 
ICCM0059a U  Y 
ICCM0059b N  N 
ICCM0060 N  N 
ICCM0061 N  N 
ICCM0062 N  U 
ICCM0063 N  U 
ICCM0065a U  N 
ICCM0065b N  N 
ICCM0066 N  N 
ICCM0067 N  N 
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Table 5.2 continued. 
Marker  Size polymorphic between
 1  Optimum annealing 
temperature 
2 
Jimbour and BG212  Howzat and ILWC246 
oC 
ICCM0068 Y  Y 
ICCM0069 Y  Y 
ICCM0072 N  N 
ICCM0073a N  N 
ICCM0073b U  N 
ICCM0074a N  N 
ICCM0074b U  N 
ICCM0075 N  N 
ICCM0076 U  U 
ICCM0077a N  N 
ICCM0077b N  N 
ICCM0078a U  U 
ICCM0078b U  U 
ICCM0079 N  N 
ICCM0080 U  U 
ICCM0081 N  N 
ICCM0082 U  N 
ICCM0083a U  U 
ICCM0083b N  N 
ICCM0083c N  Y 
ICCM0084 U  N 
ICCM0085 U  U 
ICCM0086a U  U 
ICCM0086b U  U 
ICCM0088 U  N 
ICCM0089a N  N 
ICCM0089b U  U 
ICCM0090a N  N 
ICCM0090b N  N 
ICCM0093a U  U 
ICCM0093b U  U 
ICCM0093c N  N 
ICCM0094 U  N 
ICCM0095a U  U 
ICCM0095b U  U 
ICCM0096 U  U 
ICCM0097a U  U 
ICCM0097b U  U 
ICCM0101a N  N 
ICCM0101b N  N 
ICCM0102 U  U 
ICCM0103 U  N 
ICCM0104 Y  Y 
ICCM0105 N  N 
ICCM0106 U  U 
ICCM0107a N  N 
ICCM0107b N  N 
ICCM0110 N  N 
ICCM0115 N  N 266 
 
Table 5.2 continued. 
Marker  Size polymorphic between
 1  Optimum annealing 
temperature 
2 
Jimbour and BG212  Howzat and ILWC246 
oC 
ICCM0116 U  U 
ICCM0117 N  N 
ICCM0118 U  U 
ICCM0119 U  U 
ICCM0120a N  Y 
ICCM0120b U  Y 
ICCM0121a N  N 
ICCM0121b N  N 
ICCM0122 N  N 
ICCM0123a N  N 
ICCM0123b N  N 
ICCM0124 N  N 
ICCM0125a U  U 
ICCM0125b N  Y 
ICCM0127 Y  Y 
ICCM0128a U  U 
ICCM0128b N  N 
ICCM0130a N  Y 
ICCM0130b N  N 
ICCM0131 N  Y 
ICCM0134 N  U 
ICCM0138a N  N 
ICCM0138b U  U 
ICCM0139 U  U 
ICCM0141 U  U 
ICCM0142a N  N 
ICCM0142b U  U 
ICCM0142c N  N 
ICCM0143 N  N 
ICCM0150a N  N 
ICCM0150b U  U 
ICCM0152 N  N 
ICCM0154 N  N 
ICCM0155 N  N 
ICCM0156a U  U 
ICCM0156b U  Y 
ICCM0157 N  N 
ICCM0158 N  Y 
ICCM0159 N  Y 
ICCM0160 N  Y 
ICCM0161a N  N 
ICCM0161b N  N 
ICCM0162a U  U 
ICCM0162b N  N 
ICCM0162c N  Y 
ICCM0162d N  N 
ICCM0163 U  U 
ICCM0165 U  U 
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Table 5.2 continued. 
Marker  Size polymorphic between
 1  Optimum annealing 
temperature 
2 
Jimbour and BG212  Howzat and ILWC246 
oC 
ICCM0166a N  N 
ICCM0166b N  N 
ICCM0166c N  N 
ICCM0166d N  N 
ICCM0166e N  Y 
ICCM0167 Y  Y 
ICCM0169 N  N 
ICCM0170a U  U 
ICCM0170b U  U 
ICCM0171 U  U 
ICCM0172 U  U 
ICCM0174 U  U 
ICCM0176 U  U 
ICCM0177a N  Y 
ICCM0177b U  U 
ICCM0178 N  Y 
ICCM0179 U  N 
ICCM0180 N  N 
ICCM0181 N  N 
ICCM0183 N  N 
ICCM0185 N  N 
ICCM0187 N  N 
ICCM0189 U  Y 
ICCM0190a U  Y 
ICCM0190b U  N 
ICCM0191 N  N 
ICCM0192a Y  Y 
ICCM0192b U  U 
ICCM0193a N  N 
ICCM0193b U  U 
ICCM0194 N  Y 
ICCM0196 N  N 
ICCM0197a N  N 
ICCM0197b U  N 
ICCM0198 U  U 
ICCM0199a U  U 
ICCM0199b N  N 
ICCM0199c N  Y 
ICCM0200 N  Y 
ICCM0201 U  U 
ICCM0202a N  U 
ICCM0202b U  U 
ICCM0203 N  N 
ICCM0204 N  N 
ICCM0205 N  N 
ICCM0207 N  N 
ICCM0210 U  U 
ICCM0212a N  N 
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Table 5.2 continued. 
Marker  Size polymorphic between
 1  Optimum annealing 
temperature 
2 
Jimbour and BG212  Howzat and ILWC246 
oC 
ICCM0212b N  N 
ICCM0212c U  N 
ICCM0214a N  N 
ICCM0214b U  N 
ICCM0215a N  N 
ICCM0215b N  N 
ICCM0216a N  N 
ICCM0216b N  N 
ICCM0219a U  U 
ICCM0219b U  N 
ICCM0219c U  U 
ICCM0219d U  U 
ICCM0220 N  N 
ICCM0222 N  N 
ICCM0223a U  U 
ICCM0223b U  U 
ICCM0224 N  N 
ICCM0225 U  U 
ICCM0226a U  U 
ICCM0226b N  Y 
ICCM0228 N  Y 
ICCM0229 U  U 
ICCM0231a N  Y 
ICCM0231b U  U 
ICCM0232 U  U 
ICCM0233a N  Y 
ICCM0233b U  U 
ICCM0234a N  N 
ICCM0234b N  N 
ICCM0234c N  N 
ICCM0235a U  U 
ICCM0235b U  N 
ICCM0236a N  U 
ICCM0236b N  U 
ICCM0236c U  N 
ICCM0237a U  U 
ICCM0237b N  N 
ICCM0237c N  N 
ICCM0238 N  N 
ICCM0240a N  Y 
ICCM0240b N  Y 
ICCM0242a N  N 
ICCM0242b N  Y 
ICCM0242c U  U 
ICCM0243a N  Y 
ICCM0243b N  N 269 
 
Table 5.2 continued. 
Marker  Size polymorphic between
 1  Optimum annealing 
temperature 
2 
Jimbour and BG212  Howzat and ILWC246 
oC 
ICCM0243c Y  Y 
ICCM0244a U  U 
ICCM0244b U  U 
ICCM0245 N  Y 
ICCM0246a N  Y 
ICCM0246b U  U 
ICCM0246c U  Y 
ICCM0246d N  Y 
ICCM0247 N  N 
ICCM0249 N  Y 
ICCM0250 U  N 
ICCM0251a U  U 
ICCM0251b U  U 
ICCM0251c U  U 
ICCM0252a N  Y 
ICCM0252b N  N 
ICCM0253 U  U 
ICCM0254 Y  Y 
ICCM0255 N  N 
ICCM0256a U  U 
ICCM0256b U  U 
ICCM0256c N  N 
ICCM0257 N  N 
ICCM0258 N  N 
ICCM0259 N  N 
ICCM0261 U  U 
ICCM0263a U  U 
ICCM0263b N  N 
ICCM0265a U  U 
ICCM0265b N  N 
ICCM0265c U  U 
ICCM0266 U  Y 
ICCM0267a N  N 
ICCM0267b N  N 
ICCM0268 U  U 
ICCM0269a U  U 
ICCM0269b U  U 
ICCM0270 U  U 
ICCM0271 N  N 
ICCM0272a U  N 
ICCM0272b N  Y 
ICCM0272c N  N 
ICCM0273 U  U 
ICCM0274 Y  N 
ICCM0276 U  U 
ICCM0277 N  N 
ICCM0278a U  N 
ICCM0278b N  N 
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Table 5.2 continued. 
Marker  Size polymorphic between
 1  Optimum annealing 
temperature 
2 
Jimbour and BG212  Howzat and ILWC246 
oC 
ICCM0280 N  N 
ICCM0281a N  N 
ICCM0281b N  N 
ICCM0282a U  U 
ICCM0282b U  U 
ICCM0282c N  N 
ICCM0284a N  N 
ICCM0284b N  N 
ICCM0285 U  U 
ICCM0286a U  U 
ICCM0286b U  N 
ICCM0288 U  U 
 
1.   Y – Yes, N- No, U – Unable to effectively determine 
2.   Annealing temperatures for primers sourced from Buhariwalla et al. (2005) were as 
published and for primers developed at ICRISAT were 60 
oC. 
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Appendix D: Information associated with Chapter 6. 
 
 
Appendix D - Figure 6.1: In vivo bioluminescence response of Medicago truncatula 
moderately resistant (MR) accession A17 composite seedlings transformed with 
4GCC::LUC in response to inoculation with Phytophthora medicaginis zoospores (200 
zoospores/plant) or mock inoculation (Control).   
 
 
 
Appendix D - Figure 6.2:  In vivo bioluminescence response of Phytophthora 
medicaginis highly resistant (HR) or susceptible (S) Medicago truncatula composite 
seedlings transformed with 4GCC::LUC in response to 2000ppm of ethylene gas.  
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Appendix D - Figure 6.3: Expression of Medicago truncatula ethylene response factor 
4.1 (Mt ERF 4) relative to the reference gene β-actin and to non-inoculated controls at 
time zero, in four Medicago truncatula accessions differing in response to inoculation 
with Phytophthora medicaginis. 
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Appendix D - Figure 6.4: Expression of lipoxygenase 2 (LOX2) relative to the reference 
gene β-actin and to non-inoculated controls at time zero, in four Medicago truncatula 
accessions differing in response to inoculation with Phytophthora medicaginis. 
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Appendix D - Figure 6.5: Expression of lipoxygenase 3 (LOX3) relative to the reference 
gene β-actin and to non-inoculated controls at time zero, in four Medicago truncatula 
accessions differing in response to inoculation with Phytophthora medicaginis. 
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Appendix D - Figure 6.6: Expression of 12-oxophytodienoic acid reductase (OPR) 
relative to the reference gene β-actin and to non-inoculated controls at time zero, in four 
Medicago truncatula accessions differing in response to inoculation with Phytophthora 
medicaginis. 
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Appendix D - Figure 6.7: Expression of beta-1,3-glucanase (BGL) relative to the 
reference gene β-actin and to non-inoculated controls at time zero, in four Medicago 
truncatula accessions differing in response to inoculation with Phytophthora 
medicaginis. 
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Appendix D - Figure 6.8: Expression of chitinase III in relative to the reference gene β-
actin and to non-inoculated controls at time zero, in  four  Medicago truncatula 
accessions differing in response to inoculation with Phytophthora medicaginis. 
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Appendix D - Figure 6.9: Expression of pathogenesis related protein 10 (PR10) relative 
to the reference gene β-actin and to non-inoculated controls at time zero,  in four 
Medicago truncatula accessions differing in response to inoculation with Phytophthora 
medicaginis. 
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Appendix D - Figure 6.10: Expression of protease inhibitor (PI) relative to the reference 
gene β-actin and to non-inoculated controls at time zero, in four Medicago truncatula 
accessions differing in response to inoculation with Phytophthora medicaginis. 
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Appendix D - Figure 6.11: Expression of vegetative storage protein (VSP) relative to 
the reference gene β-actin and to non-inoculated controls at time zero, in four Medicago 
truncatula accessions differing in response to inoculation with Phytophthora 
medicaginis. 
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Appendix D - Figure 6.12: Expression of chalcone synthase (CHS) relative to the 
reference gene β-actin and to non-inoculated controls at time zero, in four Medicago 
truncatula accessions differing in response to inoculation with Phytophthora 
medicaginis. 
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